


apor Pressures of Hydrogen, Deuterium, and Hydrogen 
Deuteride and Dew-Point Pressures of Their Mixtures 
Harold J. Hoge * and Robert D. Arnold 


rhe vapor pressures of H,, HD, and D, have been measured from near their triple point 
to their critical points Phe H, and D, samples were catalyzed to ortho-para equi ibrium 
at 20.4° Kk lables suitable for interpolation have been prepared to represent the result 
both in centimeter-gram-second and engineering units 
Measurements of dew-point pressures of several binary mixtures have been made at 
several pressure below atmospheric Observed pressures were ib ; ‘ above 
1ose predicted by the law of ideal solutions 


l. Introduction 


\lany papers dealing with the vapor pressures of 
ous Isotopic Varteties ol hvdroge nh have appeared 
Dennison [1] * correctly explained the behavior 
rtho and para forms in 1927 Urey, 
cwedde, and Murphy [2] announced the con- 
ation of deuterium in 1932. So far as we 
e, however, no measurements extending above 
range of ordinary mercury manometry had 
reported until quite recently, when White, 
dman, and Johnston [3] published data for nor- 
hydrogen extending up to the critical point, 
a preliminary report of the present work 
red [4]. Grilly [5] has measured the vapor 
sures of the normal varieties of hydrogen, deu- 
and tritium up to approximately 3 atm 
of mixtures had neglected, 
being no information on deviations from the 
of ideal solutions other than that published by 
wlley, Seott, and Brickwedde [6, p. 454] for mix- 
s of ortho and para hydrogen 
The present paper, and one on critical constants 
being published simultaneously, comprise a full 
ort of a program of determination of the proper- 
the hydrogens undertaken at the Bureau 
ly in 1950 The work reported in this paper con- 
ted of two parts the measurement of Vapor pres- 
es of H,, HD, and D, from low pressures to their 
tical points; and the measurement of the dew 
nts of a number of binary mixtures of the same 
stances at pressures below 1 atm. The vapor- 
ssure Measurements and the dew-point measure- 
nts were performed with different apparatuses, 
are discussed separately, the vapor-pressure 
asurements being presented in section 2 and the 
v-point measurements in section 3. Except for a 
preliminary measurements, all the vapor pres- 
es reported for H, and D, are for samples catalyzed 
ortho-para equilibrium at the boiling point of 
vmal hydrogen (20.4° K Hydrogen so catalyzed 
979 para-H,, 0.021 ortho-H, 
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e-H, | Likewise, deuterium catalyzed to equilib- 
rium at 20.4° Kk (0.022 para-D., 0.978 ortho-D,) is 
designated e-D It is worth while to emphasize 
that e-H, and e-D, were in ortho-para equilibrium 
only at 20.4° K, and that the composition did not 


the raised 


eourse 


change as temperature or lowered 
during the of the It hia 
been hoped to measure the Vapor pressure of normal, 
or high-temperature-equilibrium hydrogen (0.25 para- 
H., 0.75 ortho-H,) and deuterium (0.3333 para-Dz, 
0.6667 ortho-D but time did not permit There 
are ho separate ortho and para varieties of HD 


was 
Measurements 


2. Vapor-Pressure Measurements 


2.1. Apparatus and Methods 


The apparatus and methods were substantially the 
same as those recently used to measure the vapor 
pressure of oxygen and are described in reference [8] 


The diaphragm cell used for part of the work on 
oxygen Was not employed 
After part of the present work was completed, it 


was noted that the floating nickel sleeves and mag- 
netic were not indicating correctly 
difference in height of the two mercury meniscuses 


detectors the 


inside the stainless steel tube This was verified 
by taking X-ray pictures of the meniscuses. The 
nickel sleeve at the He-H QO interface height h was 


found to be functioning properly, supported entirely 
above the mercury by the surface tension of the 
latter The sleeve at the Hg-H, interface (height /,) 
however, had been wetted by the mercury and had 
sunk into it Measurements affected by this dif- 
ficulty were calculated from the value of / only by 
using a curve of h,+ A, versus A, plotted from data 
taken before the trouble developed There was a 
range overlap of the piston-gage 
measurements with the mercury manometer and the 
mercury manometer-barometer measurements, in 
which the various methods were cross-checked from 
time to time. 

The resistance thermometer (L14) that developed a 
leak during the O, measurements was removed and 
replaced by L11 ancl L28. With the exception of a 
few check measurements, all the temperatures in the 


considerable of 











present work were measured with platinum resistance 
thermometer L11. This thermometer is one of the 
original group used to define the Bureau’s tempera- 
ture scale below 90° K Its calibration is discussed 
in {9} 

One improvement was made over the methods 
used in the oxygen measurements. Rather than 
make alternate measurements of pressure and of 
thermometer resistance, it was found more accurate 
and more convenient to observe the resistance ther- 
mometer continuously, keeping the piston gage 
balanced, until conditions had been steady for several 
minutes. A valve in the pressure-transmitting line 
was then closed, after which all the readings asso- 
ciated with the pressure measurement could be made 
at leisure 

The method of computing pressures was the same 
as that used for O, except that no correction was 
made for the hydrostatic pressure of hydrogen vapor. 
The maximum correction (at the critical point) in 
the case of O, was 6.5 mm Hg. It was estimated 
that the corresponding figure for D, would be about 
1 mm Hg, with the values for HD and H, propor- 
tionately less. 

Preparation and purity of the samples. The H, 
was taken from the supply generated by electrolysis 
of H,O for use in this laboratory’s hydrogen liquefier. 
The HD was prepared for us by Abraham Fookson, 
Philip Pomerantz, and Edwin H. Rich, who used 
the reaction 
+4HD. 


LiAlH, -LiOD + ALOD 


1D,0 
The D, was obtained from the Stuart Oxygen Co. 
Both the HD and the D, were purified by distillation 
by Fookson, et al. A more complete report of they 
work is published elsewhere [10] 

A number of samples taken at various stages of the 
vapor-pressure measurements were submitted to the 
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Mass Spectrometry Section of the Bureau 
analysis. The results are presented in connect 
with the discussion of the measurements on each 
particular substance. 


2.2. Ortho-para Catalysis 


The catalyst was Nd,O; furnished by the Bureau's 
Inorganic Chemistry Section. It was a pale b! 
powder prepared by firing neodymium oxalat 
800° C. To avoid contaminating the H, with D 
the catalyst used for D, was removed and replaced 
by a fresh sample before measurements on H, wer 
begun. Each sample was contained in a cylindrical 
glass chamber of about 1.6-cm inside diameter ai 
15-em® volume. Connections were made by two 
glass tubes, one ending at the top and the other n 
the bottom of the chamber. About 10 em 
catalyst was placed in each chamber and confi 
with plugs of glass wool. The catalyst was prepa! 
for use by evacuating for several hours near 440 
C, and flushing with small portions of the H, (or D 
to be measured. It was surrounded by liquid 
hydrogen before use, after which the entire sampk 
of H, or D, to be measured was condensed on 
A toepler pump was used to circulate the gas so that 
all the material would come in contact with t] 
catalyst. When gas was transferred from the cat 
alyzing chamber to the cryostat, it was remove 
through the tube extending to the bottom of tl 
chamber, so that only material that had been 
close contact with the catalyst would be obtained 
During the catalytic conversion, samples were con- 
densed in the eryostat from time to time and the 
vapor pressures were observed; they were then rv 
circulated until no further change in vapor press 
was observed. The time required to reach ort! 
para equilibrium in the presence of the catalyst 
20.4° K appeared to be short compared to the tu 
required to introduce and remove the sample. 




















2.3. The Data 


rure 1 gives a general picture of the temperatur® 
ndence of the vapor pressures of e-H,, HD, 
and n-T,. The curve for tritium is plotted 
the data of Grilly [5]; the rest are our own data. 
he seale of this graph, curves for different ortho- 
compositions of the same isotope would scarcely 
stinguishable. 
he experimental data are given in tables 1, 2, 
nd 4. The first three contain the measurements 
H,, HD, and e-D, respectively Table 4 con- 
s the results of the first run, which was made on 
incatalyzed sample of D, taken directly from the 
ply cylinder. Presumably this sample was nor- 
D., and since no other measurements were made 
n-D, these preliminary data are being reported. 
supply was analyzed by mass spectrometer, the 
le fraction of D, being 0.99,; and that of HD, 
08. The data of table 4 are plotted in figure 3. 
Column 1 of each table contains the run number 
eceding the decimal pot and the observation 
mber (following the decimal point) of each datum. 
is are numbered chronologically, aus are the ob- 
vations of a given run. Column 2 of each table 
type of pressure-measuring equipment 
This was either a mercury manometer (Hg), 
reury manometer plus barometer (HgB), or piston 
PG Columns 3 and 4 of each table contain 
observed temperature and the corresponding 
From the original data in tables 
and 3, three new 6, and 7) were de- 
d giving values of logj/’ at uniform values of 
0/7, for e-H, HD, and e-D,, respectively. These 
les are suitable for interpolation, and represent 
results in essentially the same way that an equa- 
might represent them. Deviations of the ex- 
mental data from these tables are given in the 
al columns of tables 1,2, and 3. These deviations 
plotted in figure 2 Consecutive points of each 
have been joined by straight lines where this 
ild be done without cluttering the graphs too 
ich. A few of the deviations were too large to 
within the range of the graphs. Each of these 
ndicated by a line extending in the direction of 
missing point, and the corresponding deviation 
in be found in table 1, 2, or 3. Near the critical 
oint, where isotherms measured, all 
points inside the liquid-vapor dome are included 
Where there was more than one point of a run on 
horizontal portion of an isotherm, the temper- 
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( rved pressure. 
tables (5, 


were also 


ire and pressure given in tables 1, 2, or 3 were 
obtained by averaging 
After the single run on uncatalyzed (normal) Ds, 


the measurements on HD were begun. Having no 
ortho and para forms, this substance requires no 
talyst, but the measurements were complicated by 
ww conversion of HD into H, and D,. This 1s 
shown best in figure 2 by the rise in pressure in the 
ghborhood of 31 K between runs. 
When liquid hydrogen was not available to keep the 
yostat cold, it was our practice not to return the 
mple to the supply bulb, but to lower the mercury 


successive 
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meniscus, hy, so that the sample occupied most of 
one arm of the -tube. Returning 
the material to the supply bulb would have made it 
necessary to remeasure the mass in use for each suc- 
cessive run, and would have lowered the reproduce 1- 
bility of data obtained in the critical region The 
pressure of the confined sample rose to about 30 atm 
when the cryostat rose to liquid-air temperatures 
It is thought that the breakdown of HD to form 
H, and D, occurred principally during periods when 
most of the sample was inside the stainless steel tube 
and all of it was at relatively high pressure. In 
addition the HD was in contact 
with nickel, and silver-soldet On 
completion of the measurements on HD, two samples 
were taken for mass-spectrometer analysis, one from 
the 5-liter glass bulb containing the unused portion 
of the original supply, and another from the sample 
on which had made The 
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analysis of the first sample was 0.99, HD, 0.001 H,, 
substantial 
the 
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distillation 


and 0.001 D,, in 
earlier analysis made at 
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time of 
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analysis of the material removed from the 


however, was 0.971 HD, 0.015 He, and 
14 D,. A ealeulation showed that this amount 
decomposition of HD would raise the vapor 
essure about twice as much as was actually ob- 


vostat, 


ved. This is not surprising, for one would expect 
fractionation of the isotopic impurities as the 
easurements proceeded. Run 2 was made im- 


moval of HD from the apparatus. It 


ediately after introduction of HD into the appara- 


s, and hence presumably before any appreciable 
composition had occurred. Therefore it has been 
en a much greater weight than any of the other 
ns in determining the table to represent the vapol! 
essure of HD 
The measurements on e-D, were made following 
was found 
sirable to recataly ze both e-D, and e-H, to ortho- 
ra equilibrium at 20.4° K whenever any substantial 
rt of the sample had been at room temperature 
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for periods longer than an hour or two. On some 
the change of vapor resulting 
from catalysis of previously uncatalyzed samples 
was observed, and found to be in substantial agree 
ment with the differences in vapor pressure of normal 
and equilibrium varieties found by Brickwedde and 
Scott |6, p. 452]. On removal from the apparatus 
the mass-spectrometer analysis of the sample was 
0.995 D, and 0.005 HD. We were somewhat 
appointed in this purity, but have no reason to 
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TABLE 4 Observations of the vapor pressure of n-D 
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doubt the accuracy of this analysis. Some memory 
effect was present in the mass spectrometer, but 
this was eliminated by i 
which, by repeater 
purity of 0.998 D, 


use of a reference sample, 
runnings, was found to have a 

Analysis of our sample was 
then made by comparing it with the reference 
sample. We feel that the sample was at least as 
pure as the analysis indicated. No correction has 
been made for impurity 

A large number of measurements were made on 
e-D, near the triple point, both on the solid and on 
the liquid. Unfortunately, the apparatus was found 
to be poorly suited to rapid work in this region. Un- 
less the apparatus was cooled very slowly, a section 
of the pressure-transmitting tube would become 
colder than the equilibrium chamber and the tube 
would become plugged with solid. As a result, the 
fraction of the observations below the triple point 
that were obviously bad was so large that all have 
been rejected. Just above the triple point the situa- 
tion was better, but a considerable number of obser- 
vations have been rejected. The deviations of the 
rejected points were almost all very large compared 
to those of the points plotted in figure 2. They 
were almost always negative, indicating that the 
plug of solid in the tube remained for some time 
below the temperature of the equilibrium chamber. 

Before introducing H,, the final substance, into 
the apparatus, the catalyzing chamber used for 
e-D, was removed and a similar one containing fresh 
catalyst substituted. No attempt was made to carry 
the measurements on e-H, very near to the triple 
point. When removed from the apparatus, the 
sample oh which measurements had been made was 
analysed by mass spectrometer. The analysis was 
0.999 H, and 0.001 HD. The only known source of 
deuterium contamination was desorption of the 
previous sample from the interior of the apparatus, 
which would hardly be expected to vield 1 per mill 
of HD. However, 1 per mill is the estimated un- 
certainty of the mass-spectrometer analyses, so this 
amount of HD is hardly a cause for concern. 
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2.4. Deriving the Smoothed Tables 


Tables 5, 6, and 7, used in lieu of equations 
represent the vapor-pressure-versus-temperature 


lation for each substance, were derived from 
original data by the use of deviation plots. Vari 


forms of equation were used. For e-H,, for exam; 
the equation of Woolley, Scott, and Brickwed 
6, p. 454] was used below about 28° K, in wh 
range the observed values of log,P do not devia 
from the equation by more than about 0.0031 
Between 28° and the critical point a different fo 
of equation was used that had a smaller curvat 

near the critical point. Deviations of the obser\ 
tions from the equations were plotted versus 1 
temperature, with a considerable range of over! 
of the two equations. Smooth curves were dray 
through the points. On these the temperatul 
corresponding to the values of 200/7' appearing 

table 5 were marked. At each of these temperatut 
the ordinate logiol ops- logiol ear read ar 
recorded. The equation was evaluated at the sai 
temperatures and the ordinates of the smooth de. 
ation curve added to the corresponding values of t] 
equation. 


was 


The resulting table was differenced to third diff 
ences on an Underwood-Sundstrand automatic ac 
counting machine. The table was smoothed b 
inspection of the differences, and redifferenced. T) 
final result was table 5. Similar procedures, wit! 
minor variations, led to tables 6 and 7. For HD 
the equation 


logio P= A+(B/T HC ( 


was used throughout the entire liquid range. Above 
24° K it represents the data almost within the ex 
perimental error, and the deviations at 
temperatures are small enough for 
plotting. The value of ) used was 2.5, 
mately 90/7, 

Tables 5, 6, and 7 are given in pressure units of 
millimeters of mercury, atmospheres, and pounds 
per square inch absolute; and in temperature units 
of degrees Kelvin and Rankine having been prepare: 
in this form for inclusion in the NBS-NACA series 
of Tables of Thermal Properties of Gases [11]. For 
purposes where accurate interpolation is not neces 
sary, it is more convenient to have tables with 7 as 
argument rather than 200/7. Hence table 8, giving 
vapor pressures of all three varieties at temperatur 
intervals of 1 deg K has been calculated from tables 
5, 6, and 7. Table 9 contains the triple points an 
boiling points. Critical points are given in refe! 
ence [7] 


lowe 
satisfactor 
or appro. 
, and the exponent, a, was 0.71 


2.5. Comparison With Previous Work 


The survey paper of Woolley, Scott, and Brick 
wedde [6], which appeared in 1948, contains a! 
adequate summary of vapor-pressure data for th: 
hydrogens published up so that time. Their pap 
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® Trinle coints end beiline a of e-Hy, HD, ar 


en from the auxiliary ordinate seale at the right- 
ind side of the graph that from the critical point 
own to the boiling point the vapor pressure of n-H 
about 3.5 percent lower than that of e-H,, but 
at at lower temperatures the percentage difference 
This is shown by the dotted line that 
presents the WSB equation for n-H The data 
otted include those of Cath and Onnes [12]. These 
‘ chiefly of historical interest, since the measure- 


ents were reported in 1917 before the existence of 
The other 


he ortho and para forms was recognized 
ita are all very recent, being those of Grilly 


f White, 


[5], and 


which represents our results for e-D,. The data 


Friedman, and Johnston [3, 13]. The 
wer diagram refers to D,, the base line being table 


pre es 0 fe-H 
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HD, and e D gree K 


and those 


plotted in this graph are those of Grilly [5 
of the present research given in table 4 In both 
researches the material was uneatalyzed and was 
assumed therefore to be n-D In confirmation of 
b 3r° 2 


this assumption it may be noted that a 


P(e-D P(n-D,)| computed from figure 3 is roughly 
equal to the same quantity computed from the 
appropriate WSB > vapor-pressure equations. The 


lack of complete agreement could bye due to partial 
conversion of the n-D,, but is just as likely to be dus 
to incipient failure of the equations at the ends of 
their ranges Above the boiling pom the 
pressure of n-D is about 0.5 percent lower than that 


of e-D At 


difference increases 


Vapor 


lowe! temperatures the percentage 


It is possible to use table 5 for caleulations in 
volving n-H, by drawing a smooth curve to represent 
the values of P(n-H,)/P(table 5 In a similar way 
iable 7 mav of cours 
involving n-D 


be used for calculations 


2.6. Accuracy 


The discussion of the accuracy of pressure meas 
urements given in reference |S] is applicable to the 
The uncertainties in the tempera- 


present results 
here than in the 


ture seale are somewhat greatet 








measurements on oxygen, but since the same 
temperature scale was used for all the measurements, 
the relative accuracy of the temperatures is quite 
high. The e-H, and e-D, tables are more accurate 
than the HD table because of the decomposition of 
the latter during the measurements. The pressures 
given for e-H, and e-D, are believed to be accurate 


to 0.2 or 0.3 mm Hg up to about 1 atm. Above 1 
atm the uncertainty gradually increases, reaching 
perhaps 8S mm Hg near the critical points. For 


HD the pressures up to 1 atm are probably equally 
accurate, but above 1 atm the uncertainty is larger, 
gradually increasing to perhaps +15 mm Hg near 
the critical point. Uncertainty in the temperature 
scale is perhaps 20 m deg 


3. Dew-Point Pressures of Mixtures 


Since no information on the vapor pressures of 
mixtures of H,, HD, and D, appears in the literature, 
it was thought worth while to determine approxi- 
mately how far such mixtures depart from ideal 
solution behavior, even to the limited precision and 
within the limited range of temperature and composi- 
tion allowed by the time available for this work. 
Experimental dew-point pressures of mixtures were 
compared with those predicted by the law of ideal 
and discrepancies greater than the ex- 
perimental error were found. Significant deviations 
from ideality in mixtures of ortho- and para-H, 
have been previously observed by Woolley, Scott 
and Brickwedde 6. p $54] 


solutions 


3.1. The Law of Ideal Solutions 


The applicability of the law of ideal solutions to a 
liquid mixture at a given temperature can be tested 
by measuring the dew-point pressure, at the given 
temperature, of a gaseous mixture of the same 
components in a known composition. In_ the 
derivation of the appropriate equation, the following 
symbols will be used: g mole fraction of the ith 
component in the liquid phase; y,, mole fraction 
of the ith component in the vapor phase; P,,, vapor 
pressure of the 7th component in pure form; P,, 
total pressure of the vapor in equilibrium with the 
liquid mixture; Z,(P?), value of PV/RT for the ith 
component in pure form at the pressure P, all at the 
same temperature. The law of ideal solutions 
states that in the vapor that is in equilibrium with an 
ideal liquid solution the partial pressure of the ith 


component is equal to s,2,,. Assuming that this 
partial pressure is also equal to y,P,, we have 
2Pa=yls. (1) 


Equating the sum of the y’s to unity vields the 
expression for the vapor pressure of an ideal solution; 


P > oa (2) 


In the dew-point experiment the y’s rather than the 
z’s are known, and therefore the proper form of the 
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expression 1s that obtained by equating the sum « 


the 2’s to unity; 


1/P,.=Zy,/P 


A more rigorous expression of the law would resy 
from using fugacities in place of pressures in eq 
but this refinement seems to have a negligible eff; 
on P, in the present instances. In an approximatio 
sufficiently good to show the order of magnitude « 


the effect of using fugacities [see 14, p. 197 to 19 
221 to 227], eq 1 becomes 
, P. A P y PZ 


By this substitution, eq 31s changed to 


V/P.=ZyZAP,)/PoiZ2éh 

In order to evaluate eq 5 we take values of Z(P) fi 
H, and D, from reference [6] and, in the absences 
experiemental values for HD, assume Z(/’?) for HD 
equal to the mean of the values for H, and D 
Values of 2, calculated from eq 5 differ from thos 
calculated from eq 3 by only about 0.2 mm He 
which is small compared to the experimental cd 
viations from ideality 


3.2. Apparatus and Method 


The equipment consisted of a 3-liter gas reservo 
which also mixing bulb), a 140-cm 
temperature-controlled chamber, and a combination 
mercury pump and mercury manometer. Ther 
were three functions for the latter, first to measur 
the pressure in the reservoir during mixing, second 
to transfer measured quantities of gas from the 
reservoir to the constant-temperature chamber, and 
third to measure the pressure in the chamber. A 
vacuum-type adiabatic calorimeter that had been 
previously constructed at this laboratory by R. B 
Scott [15] was the isothermal chamber 
The connection of components 1s shown in 
figure 4 

A run proceeded as follows. One component of 
the mixture to be tested was admitted to the res 
ervoir (at room temperature), and the reservoi 
pressure was measured. Then the second component 
was admitted and the pressure again measured, the 
mercury level in the manometer being adjusted to 
keep the reservoir volume constant. The compos! 
tion of the mixture was deduced from these pressures 
taking into consideration the slight isotopic impur- 
ties in the individual components as determined by 
mass-spectrometer analysis. (There were traces of! 
HD in the D, samples and of H, and D, in the HD 
samples.) The gaseous mixture was allowed to flow 
into the chamber until the chamber pressure was 
about 30 mm Hg less than the expected dew-point 
pressure. A selected volume of the pump-manom 
eter was then filled with gas from the reservou 
the quantity being determined by the pressur 
difference in the pump before and after filling. This 


served as a 


used as 
these 
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itv was then pumped into the chamber, and 
chamber Before 
reading of the chamber pressure the chambet 
brought to the temperature of the run and the 
ry level Each 
ling was repeated after several minutes to make 
that equilibrium had been attained. By re- 
iting this pumping operation a series of points of 
umber pressure versus added quantity of mixture 
obtained. ‘Temperatures for all points in a run 
r equal within about 0.00 deg K to the average 
the run. The thermometer used was LIS, 
h has calibrated the Bureau's 
perature scale [9], and which after these experi- 
nts checked satisfactorily at the ice pot 


pressure Was remeasured 


was brought to a selected 


been against 


3.3. Results 


Figure 5 is an example of a curve obtained in the 
nner described The dew-point pressure 
taken to be the pressure at the intersection of the 
<trapolations of the two straight-line portions of 
curve. Although the of the 
in error by that quantity of added material that 
nt into the uncooled dead space of the apparatus 
ibout 2% of the total quantity), the error is linear 
) terms of the pressure and hence has no effect upon 
ic ordinate of the point of intersection. Manom- 


above 


abscissas 


values 


ter readings must be multiplied by 0.995 to con- 


H 


rt to standard millimeters of mercury 
The results of seven runs are presented in table 10 
aleulated pressures are taken from eq 3, using 
ipor pressures from reference [6, p. 454] The 
tho-para compositions are assumed to correspond 
» equilibrium at high temperature since no catalyst 
as used. This assumption is supported by the 
ngle-component dew-point pressures (runs FE and 
observed with this apparatus. If two 
essures were plotted on the graphs of figure 3 
ey would fall within 0.0015 (in units of Alogy/) 
the WSB curves for n-D, and n-Hg,, respectively 
he tabular entry z,(H,) is calculated from eq 1 
Principal sources of error are (1) in P.»,. the un- 
rtainty in extrapolating the two straight lines to 


these 
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their intersection and (2) in P? the uncertainty in 
the composition Estimated errors in PP, are 
shown in the table They greater for the 
H.-D. mixtures than for the H.-HD mixtures because 
of the vreatel slope of the two-phase part of the 
isotherms of the former. Compositions of mixtures 
determined in the mass spectrometer differed from 
those determined by mixing pressures by an amount 
sufficient to cause the errors shown in the tabulated 


are 


values of P., Mass-spectrometer compositions 
were thought to be slightly less reliable due to 
memory effect and to isotopic exchange in the 
spectrometet The over-all estimated error is the 
sum of the errors in P,,,. and P 
raBLe 10. Dew-point pressures of mixtures of He, HD, and 
DD. in stand imm He 
I I I H k 
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Observed pressures are seen to be about o percent 
above those calculated from eq 3, with an estimated 
error in the deviations of about 50 percent 


3.4. Discussion 


The reason for the rounding of the experimental 
curves in the region of saturation is not clear, but 
These will 
for pure 


several possibilities may be considered 
be discussed with reference the curve 
H, (fig. 6) in which the rounding also occurs 

First consider the effect of nonideality of the 
gaseous hydrogen. This will the data 
depart from a straight line in the same direction as 
that observed, but 1s much too small to account for 
the actual departure. <A plot of the isotherm based on 
a three-term virial equation with the coefficients 


cause to 
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Critical Temperatures, Pressures, and Volumes of 
Hydrogen, Deuterium, and Hydrogen Deuteride 





i! 
Harold J. Hoge' and James W. Lassiter 
The er cal temperatures, pressures and volumes otf H HD, ar 1D. have been deter 
mined bv measuring short sections of PV isotherms in the neighborhood of e critical 
poil rhe H, and D, samples were catalyzed to ortho-para equilibrium at 20.4 IK and 
are designated e-H, and e-D For e-H, the values found are T.=—32.94° K, P 12.7 
atm, and | 65.5 em mok For HD the corresponding values are 35.9 .° IK, 14.64; atm, 
ind 62.8 em mol for e-D, the values are 38.2 K, 16.26 atm, and 60.3 em mok 
\ method of correlating isotherm data for different substances, based on the use graphs of 
log P versus ik | described 
l. Introduction decimal point The directly observed unadjusted 
values of temperature and pressure are given in 
The present paper and the accompanying one on | columns 2 and 3% of each table ‘Temperature 
or pressures and dew-point pressures | 1] com- variation among the points of a given isotherm was 
a full report of a program of determination of small: nonetheless, corrections were made to bring 
erties of the hvdrogens undertaken at the each group to a common temperature This was 
onal Bureau of Standards early in 1950 Phe accomplished by using appropriate values of 
ition with regard to critical data at that time LP\(dP/dT) obtained whenever possible from 
very similar to the situation with regard to | tables 5,6, and 7 of [1], which give log 7? as a funetion 
or pressures above 1 atm; the field having been | of 1/7 Above the range of these tables. estimated 
, ected from the time of the last Leiden measure- values of (1) P)(dP dT) were used The correction 
ts 2] in 1917 until very recently, when White is exact only where two phases are present in the 
Iman, and Johnston published critical data equilibrium chamber, but fortunately this is— thi 
il q 
normal hydrogen, and a preliminary report 1) place where the corrections are most Important 
made of the present work Adjusted values of 7 and 7 are given in columns 4 
and 5 of the tables. The adjustments seldom 
2. Experimental Methods changed the pressure by more than 1 mm Hg 
The molar volume corre sponding lo each obs rva 
The measurements were made with an apparatus 
. . tion is the effective volume of the equilibrium cham 
previously in an investigation of the Vapor . 
7 : ~} . ber divided by the number of moles of hydrogen pres 
ssure of oxygen [5]. Minor modifications aré we 
' . ent in it when the observation was made Mhis 
ntioned in 1} Pressure exerted by the hydrogen , —, ah 
quantity, V, is given in column 6 of the tables. The 
the equilibrium chamber was transmitted out of 
effective volume of the equilibrium chamber and the 
crvostat through a small metal tube that con- . 
. volumes of the various parts of the pressure-trans 
cted to one end of a U-tube of stainless steel -1n 
7" , mitting line were determined in a separate series of 
side diameter rhe lower-part of the -tube ree > . 
ment A experiments The number of moles of sample 
ps mtained mercury, and the arm not filled with ‘ 
r2 : . confined in the equilibrium chamber and in the pres 
hvdrogen contained water through which the pres- 
sure-transmitting line, including the tube, was 
ire Was transmitted to oil and thence to the piston , : 
determined separately for each run. For each ob- 
ge with which pressures were measured. By . 
. ' servation of a given run, the number of moles not 
. means of a pump, water could be forced into or 
nr in the equilibrium chamber was computed by means 
moved from the line This caused the mercury ; 
{ : ; 4 . of the gas laws, and subtracted from the total num 
H rise in one side of the U-tube and to fall in the 
' : : ber to give the quantity actually inside the chambe1 
her, thus varving the space available for hydrogen ; . 
“r ; . ew, All the necessary knowledge of volumes may be 
( the U-tube and causing material to flow into or > : 
, 7 obtained after the apparatus is assembled, provided 
of the equilibrium chamber. This made it 
. the inside diameter of the U-tube is known 
ssible to measure the sample in the equilibrium ; : , 
6 If n moles of gas are confined in a volume V, at 


amber at different molar volumes 

The experimental data are given in tables 1, 
and 3. All observations are numbered in chrono- 

rical order, with the run number preceding the 
esent address: Leeds 
esent address: T S Co 
gures in brackets 


& Northrup Company, Phila., Pa 
ust Guard, Cape May, N. J 
ndicate the literature ref at the end of th 


erences paper 
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temperature 7), they satisfy the equation PV 

nRT,7,, where the compressibility factor 7 ac- 
counts for the deviation of the gas from ideality 
If the volume containing the gas is not all at uniform 
temperature it must be divided into subvolumes 
The number of moles of gas in the 7th subvolume is 








mi 9 is 


my in 


given by and summing over all 


subvolumes 


ny 


eREn,=P=(V 


nk T,Z;) (1 

W ith all the volumes V;, at the same known temper- 
ature (room temperature), and with enough gas in the 
apparatus to obtain convenient pressures, the posi- 
tion of the mercury meniscus in the U-tube was 
varied and the resulting changes in P observed. 
In this way the total volume occupied by the sample 
was found to be 


=V,(em 84.66—0.0968A,. (2) 


i 


where A, was the scale reading in millimeters of the 
mercury meniscus in the arm of the U-tube con- 
taining hydrogen. Previously, when the apparatus 
had been used to measure the vapor pressure of 
oxygen [5], similar measurements had given 84.45 
for the constant term. The agreement is considered 
satisfactory. Having obtained eq 2, the effective 
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volume of the ervostat was determined by noting t] 
pressure, first with all volumes at room temperatur: 
and again after cooling the cryostat with liquid air 


and applying eq 1 to the results. The volume wa 
found to be 5.88 em 
Once the volumes were known, the number of 


moles of gas confined could be determined from a 
set of pressure and temperature readings, provid 
none of the sample was condensed Normally, sucl 
a determination was made at the completion of eac! 
run, after the ervostat had warmed to liquid-a 
temperature and the pressure had risen to 25 to 
atm. The molar volume V corresponding to eac! 
individual observation of the run could then be 
computed by summing eq | over all volumes except 
that of the ervostat itself, and subtracting the result 
from the total number of moles in the system. Thi 
temperature of the U-tube was indicated by a met 
cury-in-glass thermometer. The table of Z-values 
viven by Woolley, Scott, and Brickwedde |6] was 
used for all three gases. The table is for //,, but was 
considered adequate for HD and D, also, in view 
of the fact that other quantities involved in th 
calculation were not known with very high accuracy 
In two instances we failed to make any measure- 
ment of the total mass of sample in the system 
The two groups of observations involved are for the 
highest isotherm of e-H, and are indicated in table 1 
Calculations of the molar volume were made for 
these observations in the usual way, except that 
the unknown total number of moles appeared as an 
arbitrary constant. Graphs of pressure versus 
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umber of moles of hydrogen in the equilibrium 
hamber were made on transparent paper for these 
data with the zero of abscissas undetermined 
and a similar graph was made of the rest of the data 
of the isotherm, for which the zero of abscissas was 
nown. The graphs of the ‘‘unknown” data were 
superposed in turn on the graph of the “known” 
data, and moved along the axis of abscissas until 
known and unknown graphs merged into a single 
ontinuous curve. By comparing the two abscissa 
scales the total number of moles of sample emploved 
in each unknown run was determined 


3. Analysis of the Data 


The preliminary analysis of the isotherms was 
carried out in the usual way by plotting P versus V 
for each modification of hydrogen, drawing in the 
liquid-vapor domes, and taking the highest point of 
each dome as the critical point of that particular 


modification It was difficult to determine the 
positions of the domes with the desired accuracy, 
however, sO We sought some method of correlating 
the data for the three kinds of hvdrogen in ordet 
to obtain more accurate critical constants for all 
If the critical temperature and pressure of each 
variety were known P P could be plotted versus 
vv. with all three modifications on the same 
graph; and, if the law of corresponding states were 
obeved all the isotherms would form a single family 
Since only approximate values of P. and V. were 
available, this method of correlation could be used 


only by a process Of successive approximations 
However, it was recognized that this difficulty 
could be avoided by taking logarithms If log 
PP were plotted versus log VIV the isotherms 


of the three modifications would, of course, form a 
single family just as they would when the variables 
were P/P. and VV But a graph of log (P’/P 


versus log (V7 V.) differs from a graph of log ? versus 


log V only by P| translation ol log r along the 
axis of ordinates and of log V. along the avis of 
abscissas Hence, if separate graphs of log P 
versus log V for each modification are prepared on 


transparent stock it should be possible to superpose 


them in such a wav as to form a single family of 
isotherms, to draw a single liquid-vapor dome for 
the family and thus to obtain critical constants 
for the three modifications with improved absolute 
accuracy and much gvreatel relative accuracy than 
could otherwise be obtained 

The result of applying t! 
shown in figure 1 The three sets of data were 
initially plotted on three separate sheets of tracing 


us type ol rrelation is 


cloth and superposed for viewing by transmitted 


light The craphs were shifted relative t each 
other along the axes of coordinates until they most 
nearly blended into a single family The relation 


between the various coordinate scales was then noted 
and all the data plotted on a single sheet On this 
graph the liquid-vapor dome was drawn and the 
critical point selected The coordinates of this 
point with respect to the three original graphs rive 
log P. and log V, for the three modifications of 
hydrogen. The corresponding critical temperatures 
were found by substituting each value of P. into 
the appropriate vapor-pressure table (table 5, 6, 
or 7) of [1]. The eritical constants are given in 
table 4. Values of the compressibilitv factor 
Z=—PVinRT at the eritical point are included 
After the critical constants had been determined, 
T/T, was computed for each isotherm of figure 1, 
and coordinate scales in terms of log (P/P,) and log 
VY V were substituted for those originally used, so 
that the same scales could be used for all three 
modifications 


TARLE 4 ( fical constants of « H Hp and e-D 


1 } \ P-VeiRT 
A nm Hg p 
e-H 204 », 705 x ? a) 
HD ws 11. 130 + 64 215. 22 5 
I) "2 2 74 2s 239. 2 ’ 
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Fieure | lsotherms of e-H,, HD 

To help in properly drawing the liquid-vapor 
dome, several other isotherm data were 
plot ted on log P versus log V" gra phs and compared 
with our own results by superposition. The data 
plotted included those of Michels, Blaisse, and 
Michels for CO, [7], and those of Onnes, Crommelin, 
and Cath for hydrogen [2]. The isotherm data in the 
latter paper are given graphically rather than numer- 
ically, so the coordinates of the plotted points and of 
various points on the dome had to be read from the 
published graph. The dome drawn in figure 1 is 
in agreement with that of the Leiden observers 
within the accuracy of the observations. The 
CO, data could not be satisfactorily superposed on 
our hydrogen data because the dome was too wide. 
It was estimated that if for CO, one should plot 
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be superposed satisfactorily on the hydrogen graph 
The difference in dome-shape of hydrogen and CO 
is undoubtedly real. It would be interesting to 
compare the critical regions of other triatomi 
molecules, such as N,O and SO, with that of CQ,, 
to see the extent to which triatomic molecules follow 
one law of corresponding states and diatomic mole 
cules another. 

The vapor-pressure tables of [1] are believed to be 
accurate near the critical point to +8 mm Hg in 
the case of e-H, and e-D,, and to 15 mm Hg in 
the case of HD. The uncertainties of the critical 
constants are greater than these values, however 
because they include the additional uncertainty in 
locating the proper spot on figure 1 to choose as the 
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al point. It is estimated that the critical point 
ted is uncertain by + 0.001 in log (P/P.). This 
22 mm H¢g for e-H,, 26 mm Hg 

HD, and +28 mm He for e-D,. To these may be 
ed the estimated uncertainties in the vapor- 
ssure tables, giving (after rounding off 30 mm 
for e-H, 10 mm He for HD, and +35 mm Hg 
1) Using values of dP/dT from the accepted 
wor-pressure tables of {1 


quivalent to 


these uncertainties are 
roximately equivalent to +20 mdeg for e-H, and 
D.. and to +25 mdeg for HD. An additional allow- 
of +20 mdeg must be made for uncertainty 
i temperature scale 
1 position of the critical point in figure 1 
ertain by perhaps + 0.005 in log (17/V.), which is 
valent to slightly than 1 percent in | 
ors in determining the volumes of the equilibrium 
mber and the various parts of the 
smitting line are not included in this figure 
est would affect the determinations of the total 
ss of material employed in each run, and would 
oduce a systematic error into log (V7/V An 
rtainty of 
over errors due to all 


more 


pressure- 


2 percent ts thought to be adequate 
relative 
ws of the critical volumes of the three varieties are 
h smaller than the This type of 
estimated from the accuracy with 
ch the three original log P-log V graphs could be 
rectly superposed. It is estimated that the ratio 
inv two critical volumes is correct to 5 per mille 


causes The 


total errors 


or may by 


relative accuracy of any two critical pressures is 
obably l per mille, and that of any two critical 
peratures about 3 parts in 10,000 
The published critical data for hydrogen were 
mmarized by Picke ring |S} in 1926 He selected 


best values: f 239.9° C, P.=12.8 atm, and 
0.0310 ¢ em equivalent to V.=65.0 em 
re These are ess¢ ntially the values of Onnes, 


ommelin, and Cath [2] for the critical tempera- 
e and pressure and that of Mathias, Crommelin, 
d Onnes [9], for the critical density In 2] the 
tical temperature is given both in centigrade and 
Kelvin units 239.91° C=33.18° K Since the 
ilen authors were unaware of the necessity of 
ntrolling ortho-para compositions, we may assume 
iat they worked with normal (normal=0.25 para- 
vdrogen, 0.75 orthobydrogen ; see [1]) hydrogen, 
ossibly with an appreciable conversion in the 
rection of equilibrium hydrogen. In the recent 
termination of critical constants at Ohio State 
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l hiversity 3] normal hvdroge nh was also emploved, 
so there are no published data exactly comparable 
with ours. The Ohio State values are 7 33.24,° K, 
and P?,.=12.797 atm 

The above critical points are shown in figure 3 
of [1], which is a graph of deviations of observed 
vapor pressures from an accepted vapor-pressurs 
table Note that the n-H, data in this graph are not 
to be exper ted to give zero deviations be ause the 
table from which deviations are calculated rep 
resents not n-H, but e-H To our knowledge there 
are no previous measurements of the critical con 
stants of HD and e-D with which oul results mav be 
compared 


The valuable assistance ol Dino Lei and Raymond 
A. Nelson in making the measurements is acknow] 


edged 
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A Photoelectric Recording Interferometer for Measurement 
of Dimensional Changes 


Richard N. Work 


\ method is given for the photoelectric recording of light intensity at a reference point 

an image of an interference pattern for the automatic plotting of fringe count versus 

thermocouple electromotive force in interferometric dilatometry \pplication of the tech- 

nique the measurement of coefficients of expansion and to the determination of transi 

tion temperatures in rubber-like materials over a temperature range of 185° to IS5° ¢ 

giver Transitions can be located to a precision of 0.5 degree C and coefficients of ex- 
pansion found to a precision of 5 percent 


l. Introduction 


Many investigations require a study of the changes 
in dimension of a substance that take place upon a 
change in temperature. The temperatures at which 
phase transitions or second-order transitions occur 
may be located from such data, and the values of the 
expansivities at various temperatures may be found 

Crystallization in rubber, for instance, has been 
studied by means of X-ray diffraction, birefringence, 
specific heat, interferometric, and volume dilatometric 
methods The second-order transition of rubber has 
been studied by volume dilatometry, interferometry, 
specific heat, and index of refraction measurements. 

The study of transition phenomena by the inter- 
ferometric method requires no confining liquid, may be 
adapted to wide temperature ranges, and is semi- 
automatic In operation. The application is limited 
only to materials that do not flow under small stress 

This paper deals with an improved interferometric 
method of determining the relationship between 
length and temperature of solid materials. Novel 
features of the present work include the photoelectric 
counting of fringes, the automatic plotting of fringe 
count against thermocouple emf, and the easy 
adjustment of the fringe pattern. Illustrative data 
obtained from measurements on rubber are given, 
but the application of the method described 1s not 
restricted to this type of material 

Merritt [1]? and Saunders [2] have described in 
detail the interferometric apparatus and procedure 
The application of the method to measurements on 
rubber-like materials has been described by Wood, 
Bekkedahl, and Peters [3]. The method may be 
described very briefly as follows. If the separation 
of two optically flat, transparent plates is determined 
by the thickness of three spacers, a few millimeters 
thick but equal in thickness to within a few wave- 
lengths of light, and if these plates are illuminated 
with parallel monochromatic light normal to the 
plane of their faces, a pattern of interference fringes 
will be observed. If, now, the thicknesses of the 
specimens are caused to change by a variation in 
aac 

lhe work reported here was supported by the Office of Naval Research and 
the Office of the Quartermaster General as part of Project ONR (QMC) NR- 


083-314 
Figures in brackets indicate the literature references at the end of this paper. 
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temperature, the separation of the plates will b: 
altered, and there will be a corresponding variatior 
in the feinge pattern evidenced by a motion of th 
fringes. ‘The change in separation of the plates at 
& given point ts related to the motion of the fringes by 
the following relation 
AN X 
» 


Al 


where A/ is the change in separation; AN is th 
number of fringes passing the point of referenc: 
and A is the wavelength of light used. By th 
use of a suitable illuminating and viewing instru 
ment, the motions of the fringe pattern can be 
measured quantitatively, and the change in dimen- 
sion with a given temperature interval 
ean be obtained from eq 1. 

The visual interferometric method requires con 
tinuous and undivided attention, which may account 
for the fact that its adoption has been limited 
Various photographic methods of recording the 
changes in the fringe pattern have been developed 
[4, 5, 6] to eliminate this objection. A photoelectric 
method of recording the fringe count shows certain 
advantages over the photographic methods, includ- 
ing the elimination of film-processing and_ the 
presentation of data on a strip chart in a form 
suitable for immediate determination of transition 
temperatures and estimates of expansivities. The 
quantitative determination of the coefficients of 
expansion requires less processing than other inter- 
ferometric methods. The course of a measurement 
can be followed and the procedure modified when 
it is seen to be necessary. The speed to this pho- 
toelectric method can be made sufficiently high 
to be able to count the rapidly moving fringes during 
rapid change in volume that accompany phase 
transitions. 

The photoelectric method utilizes the changes in 
light intensity at a reference point in the fringe 
pattern as the fringes move past this point. These 
changes are detected by a photomultiplier tube, 
and the amplified output of the tube is automatically 
plotted against time on a strip-chart recordet 
A switch, actuated by the recorder movement 
produces a current pulse upon the passage of each 


associated 








it 


10- 
oh 
ng 


ise 


in 


ze 


be, 
lly 
el 
nt 
ch 





— 4 3:29 10 12 
A - > — ) 
- ite aw = Le == =f > 
o= U 
4 y <a! ! 
, 
‘ a 7 
iy eS 
-—6 
x 6 unemnnnecees 
a 
re | Opt } nating t O 
I . 
ort Simultaneously, the temperature of the speci- 


as indicated by the emf of a thermocouple em- 
dded ina pie e of material of similar size to thespee- 
en, is plotted against fringe count on a second strip- 
art recorder, which has been so modified that the 
rrent pulse from the time-intensity recorder 
tuates a mechanism that moves the chart a unit 
stance for each fringe 


2. Apparatus 
2.1. Interferometer 


\ Pulfrich type [7] viewing instrument, similar 
to that deseribed by Merritt and modified accord- 
¢ to figure 1 forms the optical part of the apparatus 
sed here. The light source is a helium tube, 1, 
ocated above a small right-angle reflecting prism, 
2, which places the effective source very near to the 
optic axis of the instrument. After traversing an 
ris diaphragm, 3, which limits the effective size 
of the source, the rays are rendered parallel by the 
ens,4. The light is deviated through approximately 
90° and dispersed in passing through the Pellin-Broca 
prism, 5. By rotating this prism about an axis 
perpendicular to the plane of the paper, light of a 
wavelength corresponding to any one of the spectral 
lines in the source may be made to fall perpendic- 
ularly upon the interferometer plates, separated 
by three samples, 6. The rays reflected from the 
bottom surface of the top plate, 7, and from the top 
surface of the bottom plate, 8, interfere in a manner 
determined by the separation of the plates and form 
a pattern of interference fringes. The two surfaces 
of each interferometer plate are inclined at an angle 
of 20 minutes to eliminate unwanted reflections 
from the upper surface of the top plate and the lower 
surface of the bottom plate. The reflected light 
returns through the prism and collimating lens to 
iorm an image of the effective source in the lower 
half of the iris diaphragm, through which the light 
passes to the photoelectric detector. Images corre- 
sponding to other wavelengths present in the source 
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fall above or below the opening and are stopped 
An image of the interferometer plates is formed by 
lens, 9, and falls upon a mirror, 10, inclined at an 
angle of 45° to the beam. This mirror, which 
contains a small aperture about 0.1 mm in diameter, 
permits inspection of the image through the side 
tube with the aid of lens, 11. Light passing through 
the aperture, which is about one-fiftieth the diameter 
of the image, falls upon the photosensitive surface 
of the photo-multiplier tube, 12 

Of the various spectral lines present in the light 
from the helium discharge tube, the yellow line, 
5876 A, is used because of its good visibility and 
because it shows the highest sensitivitv-intensity 
product for the phototube used 


2.2. Specimen Holder 


The specimen holder, figure 2, 1s designed for use 
with rubber and rubber-like materials to be measured 
over a temperature range from 185° to +185° C 
The discussion of the apparatus is divided for con- 
venience into two sections, optical and thermal 


a. Optical 


For this experiment, a useful fringe pattern is 
obtained when the surfaces of the two transparent 
plates are flat within two to three wavelengths and 
parallel within 20 wavelengths. If these surfaces 
are not parallel within this limit, 40 or more fringes 
will be seen to traverse the 2-cm-diameter plates 
making visual observations difficult. A more serious 
effect lies in the fact that the aperture in the inclined 
mirror becomes large compared to the width of each 
fringe. The variation in transmitted light upon the 
passage of a fringe then becomes too small to be 
detected photoelectrically 

If the material under test is hard, say a metal o1 
ceramic, a specimen may be ground to one of the 
forms recommended by Saunders [2], making three 
connected, supporting structures the same length 
within a few wavelengths. However, there is con- 
siderable difficulty in cutting or molding three speci- 
mens of a soft rubber-like material to the same 
thickness within the required tolerance. Accord- 
ingly, the specimen holder has been designed so that 
the three specimens are supported by fused-quartz 
wedges, which in turn rest upon the bottom inter- 
ferometer plate. Then, if the specimens are fixed 
laterally while the wedges are movable along a 
radius, a vertical adjustment of the top plate is 
possible. This motion enables one to bring the top 
plate into parallelism with the bottom plate without 
having to cut the specimens to close tolerances 

The wedges are 5 mm in width and 15 mm in 
length and vary in thickness from 2.00 to 2.15 mm 
The maximum travel of the wedge is of the order of 
5 mm, allowing a maximum vertical adjustment of 
0.05 mm. In practice, the maximum adjustment is 
used only for material that flows or creeps under the 
weight of the top plate, in which case the finding of 
an acceptable fringe pattern is fortuitous. Usually, 
however, vulcanized rubber samples and many 
unvulcanized materials can be easily cut or molded 














holder 
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ination of numbered items Enlarged section s shown 


to within 0.02 mm. The uncertainty in thickness is, 
therefore, less than 1 percent of the usual thickness 
of the specimens (2 to 5 mm). 

The details of the wedge-adjusting mechanism are 
shown in figure 2. The wedges, 1, may be moved in 
radial slots milled in the brass plate, 2. The central 


82 


portion of this brass plate has been cut out to allow 


light to reach the bottom interferometer plate 
Square enclosures, or wells, 5 mm square, 5, ar 
located above the inner ends of the wedges, which 


extend into the open portion in the center of th 
brass plate The specimens lie upon the quartz 
wedges and in these wells, the walls of which restrai; 
the motion of the specimens when the wedges aj 
moved 

Motion of the wedges is achieved by a lever driv: 
$, which is coupled to the wedge by means of a wire 
link, 5. The shaft, 6, fastened to the lever extends 
to the top of the holder where a knob allows th 
operator to make adjustments when the specime: 
The side openings of the holder ar 
closed by means of sleeve, 7 

A window, 9, forms a closure at the top of th: 
specimen holder. To avoid the reduction in contrast 
of the image caused by reflections from the windoy 
surfaces, the window is tilted at a small angle to 
deflect the light out of view 

Fogging and frosting of the window at low temper 


Is inaccessible 


atures are eliminated by passing a stream of dry air 
it the interferometer 


over Frosting of plates is 


avoided by circulating dry all In the specimet! 
chamber 
b. Thermal 
The specimens are cooled by liquid hitrogen 


pumped from a reservoir by means of a pressure bulb 
into a Dewar, 14, surrounding the specimen holde: 
The rate of cooling is determined by the rate a 
which the liquid nitrogen is pumped into the Dewa: 
A triangular brass wedge, 10, *% in. thick, 2 in. high 
and 3-in attached the bottom the 
specimen holder and acts as a heat transfer path o 


base Is to of 
variable length and cross section to make the rat: 
of cooling more nearly uniform with variation 
liquid level. Unless such a device is used, the ten 
perature in the sample chamber drops slowly until 
the liquid nitrogen level reaches the bottom of th: 
specimen holder, at which time the temperature falls 
rapidly, making temperature control difficult. 

Heat transfer to the surroundings is reduced by 
the use of a Bakelite tube, 11, as the center section 
of the specimen holder. Bakelite washers, 12 
between the brass tie rods and the flange on the top 
of the specimen holder and between the wedge 
adjusting rods and the flange, reduce heat transfe1 
along those paths. Further, closure of the space 
between the Dewar, 14, and the sample holder is 
made by means of a piece of Masonite, 13, lined 
with a soft plush cloth to make good contact with 
the edge of the Dewar. The amount of condensation 
and frosting on the exposed metal surfaces is small 
even when the sample is held near liquid nitrogen 
temperatures for several hours. 

The temperature of the sample may be increased 
by means of a current in a resistance element 
located in the bottom of the Dewar. The heater 
current is adjusted with a variable transformer to 
obtain a suitable rate of heating. 

Dry air passes through a copper tube, 15, a 5-turn 
helix inside the sample chamber with which it makes 





\\ 


n 


n 





“i thermal contact. The air stream then flows into 
sample chamber and stirs the air, insuring a 
form temperature in the chamber 


2.3. Amplifier 


The fringe recording circuit consists of a 931A- 
tomultiplier tube to convert light changes into 
etric signals, suitable amplifier stages, and a 
DD chart recorde! 

The power supply for the photomultiplier tube is 
ntrolled with a variable transformer, allowing a 
It is usually operated at about 
v dvnode for optimum signal-to-noise ratio 


de range of gain 


The variation in the phototube current is about 
10-* amp for the passage from a light band to a 
K band of an interference fringe when operated 
the conditions noted above Noise currents from 
rious sources, namely, the helium tube, phototube, 
iv fields, ete., are of the same order of magnitude 
erefore, a tuned circuit is employed in the amplifier 
prevent the over loading of the amplifier by 
‘ise voltages. Since the helium tube is excited by 
high-voltage transformer connected to the HO-c ye le 
ne, the light is modulated with a fundamental 
quency of 120 e/s \ single-stage triode pre- 
plifier is followed by a two-stage amplifier with 
vative feedback over a 120-cvele parallel] 
ection network. This results in a sharp peak at 
20 eveles in the gain-frequeney characteristic of the 
mplifier. A reduction in noise due to stray coupling 
the line and poor filtering of the power supply 
uld be made by a choice of some other frequency 
in the line frequency for the excitation of the 
lium lamp. Such an expedient was found to be 
The tuned amplifier is followed by a 
phase inverter-detector stage, which converts a single 
ded alternating-current signal to a balanced 
direct-current output, whose level is proportional to 
peak input-signal voltage. The detector stage 
s followed by a balanced direct-current amplifier 
th an adjustable time constant. A time constant 
1, 2, 4, 6, or 8 see mav be chosen by means 
of a selector switch The relatively long time 
onstants average any fluctuations (noise) in the 
output that are of higher frequency than 1 to 
Ss c/s The available range permits the operator 
to choose a time constant that mostly corresponds to 
the frequency of variation of the desired signal, and 
that is sufficiently short so the signal is not appre- 
clably attenuated Normally the temperature is 
varied at a rate between 1/2 and 1 deg/min, which 
corresponds roughly to a fringe per minute for 
ibber specimens 2 to 5 mm thick. In this case the 
S-sec time constant is used. However, if the sample 
indergoes rapid crystallization, the fringes may 
move at rates up to 10 or 20/min, in which case the 
S-sec time constant would appreciably reduce the 
amplitude of the output. In this case, a shorter 
time constant is used. 


necessary 


The output of the amplifier actuates a strip-chart 
recorder yielding a plot of light intensity at the 
phototube aperture against time. The recorder 
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mechanism ts fitted with a switch that is closed 
once pel fringe The switch consists simply of a 
vertical wire, the end of which its engaged by a 
projec tion on the recordet! movement so as to make 
a momentary connection with a fixed contact 
Contact is made only for motions in one direction 
The momentary closing of the switch operates a 
relay, which in turn operates the fringe-counting 
solenoid on the temperature recordet 

The temperature of the specimens is indicated by 
the emf of two copper-constantan thermocouples in 
series The reference junctions are in an ice-watet 
bath, whereas the other junctions are placed in speci 
mens of the same or similar material and of similar 
size to those under test These specimens are plac a 
in the thermocouple wells, 16, figure 2. The emf is 
recorded continuously on a recording-potentiometet 
The recorder scale was expanded to cover the temper- 
ature range 185° to 185° C in three spans. A 
precision of 0.5 deg at the low-temperature end 
and 0.2 deg at the high end is attainable. The 
potentiometer-recorder was calibrated with a labora- 
tory potentiometer, and calibration scales were made 
Emf’s corresponding to temperatures at 1 deg inter- 
vals, the values of which were taken from the Inter- 
national Critical Tables, were impressed upon the 
input terminals of the recording-potentiometer. The 
potentiometer was allowed to come to balance at 
each value of emf and a mark made. The temper 
ature corresponding to any pomt on the chart can 
then be found simply by aligning the seale on the 
chart and reading the temperature from the scale 
corresponding to the pomt on the chart 

The chart paper drive of the recorder Was modified 
so that an impulse from the fringe counting solenoid 
would move the paper a constant distance The 
Brown Electronik recorder, model 153X11, was 
found to be well suited for this modification of the 
chart mechanism. Other recorders are undoubted], 
as well suited, but for explicitness, the details of the 
modification of the Brown recorder will be given 

The last six gears of the chart drive train were 
removed from then supporting shafts, the gear shafts 
and the automatic standardization gears being left 
in place An adapter, figure 3. was made to mount 
a 17-tooth ratchet gear, 1, drive pawl, 2, and lever, 3, 
upon the shaft, 4, of the driving gear of the chart 
drum. The solenoid magnet, 5, and armature, 6, 
which operates the rachet lever is mounted upon a 
-in. aluminum plate, 7, which in turn is screwed to 
the recorder chassis, using existing tapped holes in 
the chassis. A hold pawl, 8, has been mounted upon 
the aluminum plate to prevent the chart drum from 
being pulled back by the tension of the unwinding 
paper 

It is planned to replace the 17-tooth gear with a 
18-tooth rachet and equip the solenoid with an ad- 
justable stop. In this way the paper can be ad- 
vanced in steps of multiples of 0.025 in., according 
to the number of ratchet teeth taken per step 

It is further planned to add a time-marking pen 
to the recorder so that the chart record will be com- 
plete, including temperature, fringe count, and time 
































3. Procedure 


The sample of rubber to be tested can be eut from 
a molded sheet of rubber if it is of uniform thickness, 
or a slice may be cut with a razor from bulk material] 
in an arrangement like a miter box. The faces of 
the slice should be nearly parallel. Three specimens 
about 4 mm square are then cut from the slice o1 
molded sheet The edges of the test specimens are 
trimmed to remove any feather-like protrusions that 
may be present 

The specimens are placed in the wells above the 
adjusting wedges in the specimen holder. The top 
interferometer plate is then placed upon the samples 
and with the eyepiece of the viewing instrument re- 
moved, the image reflected from the bottom of the 
top plate is brought into coincidence with the image 
from the top of the bottom plate by adjusting the 
positions of the quartz wedges. The eyepiece is in- 
serted, and the fringe pattern, which is now visible, 
is adjusted until not more than 10 fringes are visible. 

The openings on the side of the specimen holder 
are closed, and the Dewar is supported in place 
around the specimen holder. The tripod screws are 
adjusted to center the return image of the source 
upon the lower half of the aperture of the iris dia- 
phragm. 

Air dried over calcium chloride and dehydrated 
calcium sulfate is then passed into the chamber in a 
continuous stream at a pressure about 2 mm of mer- 
cury above atmospheric pressure. Ice is placed in 
the reference junction bath, and the temperature re- 
cording potentiometer is standardized. Liquid nitro- 
gen is then slowly introduced into the Dewar. With 
a little practice a cooling rate between 's and 1 deg 
C/min can be maintained. 

It is necessary to adjust the leveling screws on the 
viewing instrument occasionally to insure that the 
image of the light source coincides with the lower 
half of the aperture of the iris diaphragm. This 
image moves slightly because of differential contrac- 
tion of various parts of the specimen holder. The 


errors due to the image shifts introduced by the ad- 
justing procedure are negligible compared to other 
errors in the procedure when measurements are mad 
on rubber or other materials of high expansivity 

During the course of a run it will be noted that the 
number and orientation of the fringes gradually 
change These changes are due to the tilting of th 
top plate relative to the bottom plate The origin 
of the tilting is discussed in detail by Saunders [2 
so only 2 brief account need be riven here First 
since the samples are not necessarily equal in thick 
ness and wedges are used to make up the differenc 
the magnitude of change in length of the thre: 
specimens will be different tor a given change in 
temperature It has already been noted that th 
error due to this cause is small, but it can be furth 
reduced by placing the aperture in the viewins 
mirror near the image of one of the specimens an 
using the thickness of that specimen in the calcula 
tion of the coefficient of expansion 

Second. if sticking occurs between the samples 
and the interferometer plates, the specimens must 
tilt because of the difference between the expansions 
of the specimens and the interferometer plate upon a 
change in temperature. However, if one of the 
specimens is weighted more heavily than the others 
the tilting will take place at the unweighted speci- 
mens. Therefore, by placing a small weight 
1 g) upon the top plate above one of the specimens 
and placing the aperture of the viewing mirror 
near that specimen, the tilting error can be reduced 
Best practice 1s to locate the thickest specimen by 
noting the positions of the wedges and to place the 
weight above that specimen, since it will usually b 
found that the weight reduces the height of that 
specimen slightly. The effect of sticking of the 
specimens can further be reduced by coating them 
with graphite, as mentioned by Wood [3]. 

Occasionally, when going through a transition o1 
when the specimens stick to the interferomete: 
plates, it is found that the number of fringes becomes 
too great for the phototube to resolve the passagi 
of a single fringe. This difficulty can be readily 
corrected by an appropriate adjustment of the 
quartz wedges. It should be noted, however, that 
such adjustments of the fringe pattern can be serious 
sources of error. Saunders [2] presents a thorough 
discussion of the errors introduced by tilting of the 
interferometer plate. 

The effect of the change in dimensions of the 
quartz wedges can be taken into account, but since 
the coefficient of expansion of quartz is about one- 
thousandth that of rubber, no correction is con- 
sidered necessary. 
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4. Treatment of Data 


The second-order transition temperature or other 
transition temperatures can be obtained directly 
from the strip-chart record of fringe count versus 
thermocouple emf. The second-order transition 
temperature may be defined as the temperature at 
the intersection of the extrapolated straight portions 












































. Hii of the record above and below the transition. The 
er tate . ul Tt value of the emf corresponding to this pom and the 
A, } corresponding temperature may then be read directly 
y AN MUONL HOR [ nat from the chart with the aid of a calibrated scale 
; 
hi ‘ ‘© 4 ~ ~ “ ~ - ~ « « rr) A typical experime ntal strip-« hart record showing 
hy f bebbeheeet 10 - ; oor the second-order transition at 54.5° Cis given in 
he f ; fig t The material tested is a polybutadiene 
* a Suns SRESEADERDAABAAANDAA DEAE REREDEREADEN agi polymerized at 5° C with a mixture of sodium and 
potassium as catalyst in a diluent composed of 150 
1 T parts pentane and = 50 parts methyvlevclohexane 
; = = = The specimen thickness was 2.90 mm The i 
, lumination was the vellov helium line ISTH =A 
‘ Che top intericrometer plate 2em in diamet 
weighed 1.5S cy The second-order transition tem 
r perature has been indicated Time has also been 
‘ t re 43 - recorded at intervals during the run to indicate the 
rate of cooling or heating 
The data have been replotted as shown in fig. 5 
The te mperature has been obtained from the 
strip-chart by means of th calibrated sf als lorevery 
tenth fringe in the linear portions and for every other 
3 ‘ - - " fringe in the curved regions. The change in length 
" in microns per centimeter, as computed by the 
method shown below, was then plotted against 
temperature It is necessary that the data be 
‘ treated in this manner if values of the coefficient of 
expansion are desired, as this method of calculation 
. 10 a « 
vanes oases on corrects for the nonlinearity of the temperature-emf 
s curve of the thermocouples and for the change in 
a wavelength of light as the index of refraction of the 
J air in the interferometer changes with temperature 
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The expansion th microns per centimeter ts cal- 
culated according to the following expression 


AL ANX , 

L 2L ~ 
where AL is the expansion of the sample over the 
temperature range T, to T; AN is the number of 
fringes passing the reference point, counting from 
/ between 7, and 7; \ is the wavelength of the 
light used in air at room temperature; Lo is’ th 


length of the sample at ] and C’ is the correction 
for change in wavelength with te mperature obtained 
irom table prepared by Nerritt l 

Experience shows the location of 
peratures be reproducible to 
the transition itself is sharp enough to be defined 
better \leasurements 
rubber of 


a 
transition tem- 
5 deg C. where 


to ~~ ces 


with equal o1 precision of 


of show deviations about 


expansivities 

» percent 

5. Other Applications 

in the es of rubber-like materials of civen 
sample thickness, say 0.3 em, the passage of 1 to 2 
fringes corresponds toa 1 deg C change in tempera- 
ture above the transition temperature while below 
the transition temperature, half many 
fringes correspond to the same temperature interval 
Metals, however, have a coefficient about one-tenth 
and glasses about one twenty-fifth that of rubber 
In tests on metals, the number of fringes passing the 
mark reduced by the same factor for 
samples of the same thickness, and the number of 
experimental points an expansion curve 
correspondingly reduved. If the expansion curve is 
linear or only slightly curved, this is no disadvantage ; 
however, in regions of high curvature it is desirable 
to have a sufficient number of points to define the 
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as 
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rt ference 


Is 


along 


curve with reasonable accuracy. The number of 
experimental points can be increased by imcreasing 
the thickness of the sample, but there is a limit to 
the thickness that can be used without too great a 


loss in fringe contrast unless a differential arrang 
ment [8] is used 
ber of experimental points by arranging a numbe: 
switches the time-intensity recordet 
count fractional fringes. It would be 
before introducing this modification to provide 
ditional stabilization of the power supply to prev: 
errors due to drift of the output indicator 

The measurement of creep under lo 
and the measurement of Young’s Thin 
light compressive loads suggest themselves as 
litional applications of the photoelectric recordi: 


It is possible to increase the nun 


on spaced 


hecessal 


constant 
modulus 


a 


device 
6. Conclusions 


The photoelectric fringe counting method 
used to advantage in survey work where it is desir 


ean 


to locate transitions in a large number of materia 
both rapidly and conveniently The data « 
processed with a minimum of effort and a precisi 


‘an tf 


0 


of +0.5 deg C or better in the location of transitio 
points can be realized. Values of coefficient 
expansion 1m the case of rubbe r-like materials il 


reproducible to at least 5 percent 
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A Fiftyfold Momentary Beam Intensification for a 
High-Voltage Cold-Cathode Oscillograph 


John H. 


\ met 1 for taining a momentary incre 
tensity of the electron beam obtained from a 
been deve ped Its application for increasing t 
rav oscillograph is described Oscillograms ha 
about three-fourths the speed of light 





Park 


ant ip to 50 times the steady value) in the 
high-voltage cold-cathode discharge tube has 
he recording speed of a high-voltage cathode 
ve been obtained in which the Vriting speed 


rhe intensification is caused by superposing a steeply rising voltage pulse on the normal 
steady voltage across the electrodes of the discharge tube serving as the electron beam source 
rhe voltage pulse momentarily disrupts equilibrium conditions in the discharge and produc 
al t e discharge that lasts for about 2 microseconds Vieasurements of the magnitude 
and dura it! superposed pulse and of the changes in discharge irrent have beer 
mac \ tentative explanation of the mechanism of int ficat ba ! ‘ measure 


I. Introduction 


High-voltage cold-cathode discharge tubes have 
been used as sources of electron beams One 
their most important applications has been to 
pply the electron beam for high-speed cathode-ray 
llographs CRO used to record transient 
¢ phenomena of very short duration. The 
tblishment of a beam of high cleetron density is OF 
amount importance where very high “writing 
eCecas are required 
In the experimental work that will be deseribed 
electron beam source? was a 1-in.-diameter Pyrex 
tube provided with two evlindrical electrodes 
aced 4 in. apart. The air pressure in the tube was 
table and was maintained at approximately 
Qu of mereury. With a direct voltage of 50 ky 
plied between electrodes, 2 very narrow beam of 
sible discharge is obtained that originates In a 
ght spot at the center of the cathode and termi- 
Since the mean free path for 
ectrons in the discharge is approximately equal to 
he distance between electrodes, a large fraction of 


tes at the anode 


he electrons generated at the cathode are accelerated 
oO a speed corresponding to full voltage between 
athode and anode while travelling to the anode 
\ small hole in the center of the anode allows part 
this electron beam to continue from the discharge 
ibe into the main chamber of the CRO where the 
ectrons pass through a beam trap, focusing coil, 
eflecting and sweep plates and finally strike the 
lm or fluorescent viewing screen. The current in 
he discharge tube is very sensitive to small changes 

air pressure. A fine control of pressure permits 
djustment of the discharge current to values 
anginge from 0.1 to O.S ma The portion of the 
ectron beam passing through the hole in the 
node and used for recording purposes is only 
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about 1 percent oi the total discharge-tube current 

In order to obtain useable records of electrical 
transients of very short duration, that ts, high “writing 
speeds”, a high electron density in the beam is 
required Some of the various methods ; that 
have been used to increase beam IntensityV are 1) 
shaping the electrodes 2 usihy different frases it 
the discharge tube, and (3) using prefocusing coils 
placed around the discharge tube Also the fine 
control of gas pressure that permits adjustment of 
current in the discharge tube can be used to increase 
beam mtensity up to a certain point; but any 
attempt to establish a steady discharge current 
above approximately 0.8 ma destroys equilibrium 
and changes the type of discharge so that a steady 
These Tih thods ol 
intensification have proved moderately successful 
However, it was found that by superposing a momen 
tary pulse on the constant direct-current voltage 
applied to the discharge tube, the discharge current 
and beam intensity could be momentarily increased 
by a factor of 10 to 50 times the steady state value 
The increased beam current persists only for a very 
short time and does not appreciably decrease thy 
life of the cathode, but by proper synchronization 


beam cannot be maintained 


with the phenomena being measured the increased 
beam intensity becomes useful for obtaining higher 
writing speeds 


2. Experimental Methods and Measurements 


A momentary increase in current through the dis 
charge tube and beam intensification occurs when 
ever a sudden increase of about SOO v or more ts 
superposed on the normal steady value of 50 ky 
applied between the cathode and anode The 
following methods of applying this pulse have been 
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, measurements of th p ind changes in 
t} h the discharge t 
tried and all give the intensification: (1) A current 


pulse passed through a resistor between anode and 
ground return lead 2) A voltage pulse capacitively 
coupled with the cathode ‘ A current pulse in- 
ductively coupled with the lead to the cathode or 
anode Because of the difficulties encountered in 
the control and measurement of the applied voltage 
pulse for method a detailed description of pro- 
cedure and results will be given only for methods 
(1) and 
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2.1. Current Pulse through Anode Resistor 


Resistor P, and connections at PB and C (see fig. 1) 
were for this method, and the single-pole 
switch just above A was open. The anode of the 
discharge tube was insulated from the grounded case 
of the CRO by removing the screws that clamp the 
rubber gasket separating the discharge chamber from 
the main CRO case. The anode was connected to 
ground through resistor R,. By passing a current 
pulse through R, the potential difference between 
anode and cathode could be given a similar pulse. 
The magnitude and wave shape of this pulse were 
measured by connecting B to the CRO deflecting 
plates. By connecting C to the deflecting plates and 
thus using the deflecting plates as the low side of a 
capacitance divider, a record of change in potential 
of the cathode was also obtained. This record of the 
change in cathode potential when divided by 48,000 
is also a record of the change in current through the 
discharge tube, since for the short duration of the 
pulse the voltage of the cathode can only be changed 
by the same amount as the IR drop through the 
$8,000-ohm resistor, which is in series between the 
cathode and the 0.033-uf smoothing capacitor. 

By connecting B to various points on the resistance 
network that supplies the Norinder’ relay voltages 
for the CRO, the magnitude, duration, and polarity 
of £, (voltage pulse applied to the anode) could be 
controlled. Records were obtained for various 
conditions, and two examples are shown in figure 2. 
The horizontal trace, nearest the time scale in each 
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“zero line”’ obtained 
short-circuited Th 
, rises to a Maximun 


oscillogram, is the reference 
with the deflecting plates 
voltage applied to the anode, £ 
very rapidly 0.5usec) and decreases fairly slowly 
The current, 7, through the discharge tube in 
creases from its low steady-state value of 0.1 ma 
to a fairly high value, approximately 7 ma, as soon 
as the anode voltage is applied. When the polarity 
of the anode pulse is positive (fig 2, A , il increase s 
the voltage between anode and cathode and a short 
time lusec) after application of the anod 
pulse (this delay time being shorter for higher anod 
voltages and for higher values of initial discharge: 
current) the discharge current shows a second rapid 
rise and the intensity of the electron beam increases 
at the same time. As the discharge current di 
creases, the beam intensity When 
the polarity of the anode pulse is negative (fig. 2, B 
it decreases the voltage between anode and cathod 
The net current in the discharge tube is temporarily 
reversed from its steady-state direction and is of a 
greatly increased magnitude. Nevertheless, 
of electrons continues to flow in the original diree- 
tion and is even somewhat intensified 


(about 


also decreases. 


a beam 


2.2. Voltage Pulse Capacitively Coupled With 
Cathode 


For this method the single pole switch above A 
see fig. 1) was closed, thus connecting the cathod: 
to one terminal of a small high-voltage capacitor 
actually consisting of a polyethylene-insulated wir 
with a braided sheath over the insulation The 
other terminal of this capacitor was connected to 
ground through R.. With the steady 
direct-current voltage on the cathode this capacitor 
is charged to 50 kv, and when a current pulse is 
passed through FP, the cathode voltage is immediately 
changed by the drop through F,. The duration of 
this change in cathode voltage is not fixed by the 
duration of the current pulse through R, but is de- 
termined by the time it takes for the small high- 
voltage capacitor to assume a new value of charge 
that is, by the time constant of the small capacitance 
in series with the 48,000-ohm resistor (the effective 
resistance of the discharge tube being much larger 
A record of this change in cathode voltage was 
obtained by connecting C the CRO deflecting 
plates. A record of the current through the dis 
charge tube was obtained by making R, 100,000 ohms 
and connecting B to the CRO deflecting plates 

By connecting A to various points on the resistanc: 
network that supplies the Norinder relay voltages 
for the CRO, the magnitude and polarity of & 
change in cathode voltage) could controlled 
Records were obtained for various conditions, and 
two examples are shown in figure 3. With a nega- 
tive pulse applied to the cathode (increase in volt- 
age between cathode and anode) the discharge cur 
rent increases to a high value immediately. Beam 
intensification and a second increase in discharge 
current a short time later. In the example 
shown in figure 3, A, the magnitude of the applied 
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to 


be 


occur 
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ithode pulse was so high that beam intensification 
nd second increase in discharge current occur very 
icklv. The discharge current remains high even 
ter the cathode voltage pulse has decreased to zero 
Records with slower sweeps indicate that the dis- 
charge current and beam intensity continue to de- 
ease and at a somewhat later time (approximately 
the beam fails to leave a trace on the 
m \ momentary blink in the visible discharge 
an be observed when the cathode-anode voltage Is 


aT se 
) user 


iddenly increased by a large amount (2 kv or more 
With a positive pulse applied to the cathode (decrease 
voltage between cathode and anode the dis harge 
irrent immediately increases to a high value, 
versed in direction from the steady-state dis- 
harge current. This current decreases as the cath- 
de pulse voltage decreases, and unless the maximum 
alue of the cathode pulse is above approximately 
000 v, verv little beam intensification occurs 
or the example shown in figure 3, B, the cathode 
ulse was above this minimum value and beam in- 


tensification, and reversal of discharge current (to 


} 


if normal steady state direction occur about 


usec after cathode pulse is initiated Oscillograms 
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taken under other conditions indicate that this time 
delay decreases as the magnitude of the cathode 
pulse is increased and as the initial steady-state dis- 
charge current is increased. 


3. Proposed Explanation of Experimental 
Measurements 


The reversal in direction of current through the 
discharge tube (i. e.. reversed from the normal 
steady-state condition) as shown in figures 2, B 
and 3, B, indicates that for short times energy can 
be taken from the discharge without appreciably 
affecting the mechanism of beam generation, since 
ihe electron beam density remains nearly constant 
as shown by constant densitv in the trace on the 
oscillogram (Also, as shown in figure 2, A, with an 
applied pulse that increases cathode-anod voltage, 
energy can be fed into the dis« harge during the short 
period before beam intensification starts without 
affecting the recording electron beam In order to 
explain these results, consider the variation of net 


space charge densitv in the discharge between 
| 


89 








Ther 
of both electrons and positive tons throughout the 
volume of the discharge Electrons are 
stantly fed into the region near the cathode, and sine: 


cathode and anode is a high concentration 


being con 


it takes a significant, even though short, time for 
them to be accelerated toward the anode by the 
impressed electric field, a large net negative space 
charge region is built up near the cathode. In the 


region hear the anode, including the space inside 
the tube forming part of the anode, CAS molecules 
are continually bemg ionized by the short-wave 
radiation produced by the impact of high-speed 
electrons on the anode. The slow electrons pro- 
duced in this manner drift toward the anode and 
leave an excess of positive tons which tend to be 
accelerated toward the cathode but in the meanwhile 


build up a high net positive space-charge region near 
the anode These space-charge regions have very 
marked effects on the current fed into the discharges 
tube, especially during sudden changes in applied 
voltage. However. the current in the discharge is 
probably mainly determined by (1) the number 
positive ions produced by the short-wave radiation 
reaching the 
anode, and the number of electrons generated at 
the cathode each of these positive This 
process is dependent on gas density and makes the 
steady discharge current 
pressure 


caused by each high-speed electron 


) 


by bons 


“state so sensitive to 


gas 
Under steady-state conditions, with 50-kv direct 
current applied between cathode and anode and with 
the pressure in the discharge tube adjusted so that 
a normal electron beam is obtained (0.1 to 0.5 ma 
in the discharge), it may be assumed that the high 
concentration of negative space charge in the region 
near the cathode makes the gradient at the cathode 
quite small in comparison to the average gradient 
between Similarly, the gradient near 
the anode should be quite small VW hen the voltage 
between cathode and anode suddenly changed, 
an instantaneous change in charge distribution can 
only occur on the electrode surfaces. Since the elee- 
trodes more nearly approximate points than infinite 
planes, the sudden change in their surface charge 
causes a sudden increase of gradient, mainly in the 
regions hear the electrodes. The sudden increase in 
gradient electrons positive to 
drawn from each space charge region toward the 
adjacent electrode. This flow of electrons and ions 
constitutesa current flow in the external supply circuit, 
which is superposed on the steady-state current in 
the discharge tube. If there is a sudden decrease 
in cathode-anode voltage, there will be a net flow of 
electrons from the cathode space-charge region to 
the cathode and a net flow of positive ions from the 
anode space-charge region to the anode; these con- 
stitute the “reversed” current illustrated in figure 
2, B, which continues until the gradients near the 
electrodes are reduced to their normal low values. 


elect rodes 


Is 


causes or 1Ons be 


If there is a sudden increase in the cathode-anode 
voltage, electrons and ions will flow in the direction 
to increase the negative space-charge density in the 
cathode region and to increase the positive space- 
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charge density in the anode region. This is illus 
trated by the first part of the 7 trace in figure 2, A 
\ sudden increase of available electrons in the space 
near the cathode, if it is of sufficient magnitude, will 
disrupt the equilibrium conditions existing in th 
discharge as shown in figure 2, A, bv the secon 
increase in discharge current accompanied by beam 
intensification. A possible explanation of this sud 
den change in equilibrium conditions in the discharge 
is as follows: The increase of negative space charg 
in the near the cathode causes an increas 
probably gradual at first) in magnitude of the ele: 
tron stream from cathode space-charge region 
anode space-charge region. The greater the number 
of fast electrons reaching the anode the greater w 
be the intensity of the short-wave radiation that 
increases the supply of positive ions; and they wi 
be toward the cathode and produc 
more electrons Thus the action is cumulative | 
the initial change is small or occurs at a low rate 
new equilibrium condition will be attained with 
little effect on the electron beam. If the initial dis 
turbance is of sufficient magnitude and occurs sud 
denly the cumulative effect causes beam intensit, 
and discharge current to increase rapidly fig 
2, A This effect is stopped very becaus 
the number of positive ions that can be produce: 
in this short time is limited by the low gas pressur 
total number of gaseous molecules) in the tube 
As the number of available positive ions is reduced 
the beam intensity and discharge current gradual] 
decrease and in some cases the discharge is momen 
tarily extinguished 

When the sudden change in voltage between 
cathode and anode is a pulse of short duration, as 
illustrated in figure 3, the effects and their explana 
tion are quite similar with one exception that beam 
intensification as shown in figure 3, B, is obtained 
when the polarity of the voltage pulse is such as to 
reduce the cathode-anode voltage. Note here that 
the high intensification not until the 
superposed voltage pulse has decreased to about 
one-sixth its peak value and that before this time 
the gradients at the have been in the 
direction to decrease the magnitude of total spac 
charge in each space-charged region (as indicated 
by the reversed direction of discharge current 
Intensification occurs as the cathode-anode voltag« 
returns to its normal value, which for the reduced 
magnitudes of space charge at this instant is suffi- 
client to cause high gradients near the electrodes in 
the direction to increase the magnitude of charge in 
the space-charge regions. Thus, the physical expla 
nation for beam intensification and increase in dis- 
charge current is the same as that given above 
except that the method of initiation is different. As 
already noted, the high value of discharge current 
shown in figure 3, A, persists even after the intensi- 
fication has subsided and the disturbing voltage 
pulse has reached zero. This is additional evidence 
that the beam intensification and ‘ increase 
in discharge current are caused by a “triggering” 
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yative space charge near the cathode 
some beam intensification may be observed in 
ive 3, B, as soon as the voltage pulse is applied 
‘ direction of the pulse being such as to decrease 
cathode-anode voltage This minor intensifiea- 
» might be accounted for by a concentrating effect 
the beam caused by a temporary change in the 
ipe of the electric field near the electrodes when 
voltage between cathode and anode is suddenly 


inged 


4. Application to Cathode-Ray 
Oscillographs 


The main reason for investigating the phenomena 
momentary beam intensification was that such a 
uly might lead to increased writing speed for the 
h-voltage CRO. The extremely high beam inten- 
fication lasts for about 2 wsee (see figs. 2 and 3 
d can be made to come to full intensity within 
25 ywsee after initiation of the intensifying pulse 
(ss illographs now available give satisfactory records 
sweep times of 1 usec or more. Improvement of 
ting speed is desired mainly for sweep times of 
ss than 1 wsec Thus the beam intensification is 
sufficient duration provided it can be accurately 
vnehronized with the CRO sweep 
The CRO employed in these beam-intensification 
idies uses pulses to supply the Norinder relay or 
eam unblocking plates and sweep plates. These 
pulses are obtained by discharging capacitors, 
arged to 3,000 v. through resistance or resistance- 
pacitance circuits as indicated in figure 4. The 
sistance circuit provided to supply voltages to the 
Norinder relay plates (used to unblock the beam for 
he short time required for one sweep of the beam 
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oltage surges for the Norinder relay plates and sweep plates 
of the CRO. 


Intensifying pulse was obtained by connecting to point J 





across the film) may be conveniently used to supply 
the intensifying pulse. It is only necessary to con- 
nect from point / on this cireuit to the sheath of the 
high-voltage (polvethyvlene-insulated) lead to the 
cathode. This connection gives positive synechro- 
nization of the intensification with the sweep, but 
since the time to attaim maximum intensification is 
about 0.25 ywsec, shorter sweep times would show no 
intensification. This timing discrepancy is) com 
pensated for by adding 0.25-ysee delay lines in the 
supply to the sweep plates as indicated in figure 4 
This delay in sweep supply has the added advantage 
of allowing the voltage on the Norinder relay plates 
to reach a high uniformly changing value before the 
sweep ts started, which is quite important for very 
short sweep times 

Examples of the records obtained by using the 
intensifying pulse on very fast sweeps (60 in. psec 
are shown tin figures 5° and 6. Without the tnten- 
sifving pulse the only record visible is a very faint 
zero line. The oscillogram shown in figure 5 was 
obtained by coupling the CRO deflecting plates with 
as short a loop as possible directly to the plate cir 
cult of a 150-megacycle oscillator consisting of two 
636 tubes in) push-pull parallel. The deflection 
shown in figure 5 corresponds to 500 v rms on the 
deflecting plates, which was obtained by momen- 
tarily pulsing the plate supply of the oscillator to 
1,200 v. This momentary high plate voltage was 
used not only in order to attain the high momentary 
output from the oscillator but alse to prevent break- 
down between the deflecting plates inside the CRO 
It was found that a steady radio frequency as low 
as 100 v rms applied to the deflecting plates caused 
a gaseous discharge to appear between plates when 
* As seen from the cords, the weep speed neither exactly uniform nor 


logarithmic The slight packing of the t 


me seale on the initial part of the sweep 
ntroduced by the 0.25-ygsec 10-section delay line nmserted in the 


weep lead 





Figure 5. Oscillogram of the voltage wave-form obtained from 


a 150-megacycle pulsed oscillator 


Ihe intensified beam was used to obtain this record 











the beam is unblocked. No discharge appears with 
direct-current or pulse voltages, whose magnitudes 
are 2,000 v or higher. 

The oscillogram shown in figure 6 is one of a num- 
ber taken in an attempt to determine the maximum 
writing speed attainable with the intensified beam. 
The deflecting plates were connected to a small neon 
tube lightning arrester (intended for use on telephone 
circuits), using the shortest leads possible. A steeply 
rising voltage pulse was applied to the arrester tube 
by connecting it across a 500-ohm resistor through 
which a capacitor was discharged. Figure 6 shows 
the initial part of the rise of this voltage. Break- 
down of the arrester occurs after the voltage has gone 
off scale on the oscillogram. The subsequent oscilla- 
tions shown on the record are produced when the 
deflecting plates are short-circuited by the arrester 
discharge, after being charged to a high voltage 
(about 6,000 v). This high value of charging volt- 
age, which caused the initial rise of voltage and the 
first four oscillation peaks to vo off scale on the oscillo- 
gram, was used in order to attain as high a rate of 
change of voltage on the deflecting plates as possible. 
As seen from the record, the beam intensity is 
sufficient to obtain a visible trace even with this 
high rate of change of voltage. The trace on the 
oscillogram is a record of the change of voltage with 
time and it is very nearly perpendicular to the time 
axis. Since a trace made on the film, with voltage 
on the deflecting plates only, was found to be not 
exactly perpendicular to the zero line, measurements 
of time between maximum deflection in one direction 
and maximum deflection in the opposite direction 
are not significant. This is accounted for by the fact 
that in order to have the record start at the left edge 
of the film the beam is deflected off the axis of the 
CRO by deflecting coils just before it passes through 
the deflecting plates, and this makes the beam travel 
through an unsymmetrical fringing field just as it 
leaves the deflecting plates. In order to obtaia 
writing speeds corrected for this distortion, the time 
between the two vertical traces of a positive or 
negative half cycle whose peak was off the film was 
measured (1) at the zero line and (2) at the place 
where the trace just goes off the film. The difference 
between these two measured times is the time it takes 
the beam to travel from the zero line to the off-seale 
point and back to the zero line (a distance of 5% in. 
on the film). Measurements of writing speed made 
by this method on the record reproduced in figure 
6, and 10 other similar film records give an average 
writing speed for the trace appearing on the film 
during the first cycle of the oscillations of 9,100 
in./wsee (about three-fourths the speed of light) 

The value of writing speed given above is for a 
trace that is easily visible on the film, the maximum 
writing speed being fixed by (1) the maximum rate 
of change of deflection that can be imparted to the 
electron beam while traveling between the deflecting 
plates, and (2) the distance from the plates to the 
recording film. This maximum rate of change of 
deflection is limited by (1) the time of travel of the 
electrons of the beam through the deflecting plate 
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Ficure 6 
CRO deflecting plates are short-circuited after being charged 
to 6,000 volts 


Oscillogram of the oscil 
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field, and (2) the maximum rate of change of the 
electric field between the deflecting plates. The 
maximum rate of change of voltage between deflect- 
ing plates is attained when the plates are charged to 
the highest voltage possible and then discharged 
through the shortest leads possible. These condi- 
tions were fulfilled as nearly as possible in obtaining 
the record shown in figure 6. A computation of this 
rate of change of voltage was made by using (1) the 
measured value of capacitance between plates (10 
uuf), (2) an estimated effective length of leads be- 
tween the plates and the point at which these leads 
were short-circuited by the small neon tube arrester 
(8 in.), and (3) a maximum charging voltage on the 
plates of 6,000 v. Using this computed rate of 























ge of voltage and taking into account the time 
travel of electrons through the deflecting plate 
d and the distance between the deflecting plates 
d the recording film, a computed value of maxi- 
im writing speed for the CRO used in the experi- 
nts described above was found to be 9,700 in usec. 
5. Conclusions 


he computed and experimental values of maxi- 
m writing speed agree quite well, and as already 
ted this maximum value is determined by the 
sign of the CRO used in these experiments rather 
in the intensity of the electron beam. The elec- 
n beam intensity as used in the experiments is 
ibably sufficient to yield writing speeds greater 
ian the speed of light if a CRO deflecting system, 
signed with this objective in mind, were used. 
Thus the method of beam intensification described 
this paper can be used to obtain extremely high 








writing speeds, and it can very easily be applied to 
a high-voltage cold-cathode CRO. Also, since the 
current in the discharge tube is maintained at a low 
steady value except for the very short time required 
to obtain the record, the problems of beam adjust- 
ment and life of cathode become of minor impor- 
tance. It should be noted that the intensifying 
pulse increases the electron beam voltage slightly 
(about 2 to 5°), depending on the magnitude of the 
pulse being used). This decreases the voltage sen- 
sitivity of the CRO by the same percentage and sug- 
gests that a voltage calibration be made when the 
intensifying pulse is used if a higher percentage 
accuracy is desired from the CRO records 

In addition to its use for increasing the writing 
speed of a high-voltage CRO, the method described 
should be useful wherever a high-density eleecron 
beam of short duration (about 2 msec.) 1S required 


Wasninatron, February 15, 1951. 








Annealing of Platinum for Thermometry 





Robert J. Corruccini 





Experiments are described on the annealing of platinum wire in which the coefficient 
f resistance and thermal electromotive force were used as criteria of the physical state of 
the metal It was found that platinum wire of the highest available puritv almost com- 
pletely recovers its electrical properties at a temperature as low as 300° C, although a slight 
further recovery occurs wit crease of annealing temperature up to 1,450° ( On quench 
ing heated wires in various gaseous media, changes in the electrical properties occur that are 
greater the more rapid the quenching and that are similar to the effect of strain. 

Che electrical properties of dilute alloys of gold, silver, and copper in platinum were 
measured Contrary to prediction, the copper and silver allovs were thermoelectrically 
positive to platinum at ordinary temperatures rhus far, no impurity other than gold has 
been found to lower the thermoelectric power of platinum, 

It is apparently not possible to represent the kinetics of annealing in terms of a tempera- 
ture activated process having a single value of activation energy. This result is interpreted 

terms of the diff m of dislocatior 


l. Introduction 


The metal, platinum, is used in resistance ther- 
mometers and in platinum versus platinum-rhodium 
thermocouples. These tvpes of thermometers, when 
certain specifications are met, are used to define 
temperatures the International Temperature 
Seale in the range 182.97 to 1,063° C [1] Be- 
cause both the resistivity and thermal electromotive 
emf) of platinum depend on the physical 
condition, the annealed condition is specified for 
platinum to be used in thermometry. This condi- 
tion is produced by heating and is characterized by 
decreased tensile strength, hardness, and thermoelec- 
tric power and by increased coefficient of resistance 
compared to cold-drawn or cold-rolled platinum 

The published data on the conditions necessary for 
annealing are diverse, because the annealing temper- 
ature is a function of the amount of deformation in 
cold-working and the purity of the metal? Thus, 
Wise and Vines [2] showed that there was an inverse 
relation between the amount of deformation pro- 
duced in cold-rolling platinum to various degrees 
and the temperature required to restore the metal in 
15 min to the hardness characteristic of annealed 
platinum. Earlier work by Tammann and Dreyer 
3] failed to show such an effect for platinum or 
palladium, although it was demonstrated that the 
temperature required for recovery of the minimum 
hardness and resistivity of silver, copper, and gold 
varied inversely with the amount of previous defor- 
mation. A similar variation in the temperature for 
recovery of the thermoelectric power of silver was 
demonstrated by Tammann and Bandel [4 Feuss- 
ner [5] showed that the minimum annealing tempera- 
ture of platinum is raised by additions of impurities. 


on 


force 





Figures in brackets indicate the literature references at the end of this paper 
Evaluation of published data on the conditions for annealing platinum is 
frequently difficult because information on the amount of deformation and the 
purity is not given The purity of thermometric platinum is conveniently 
specified by a coefficient of resistance, in particular by the average coefficient over 
the interval, 0° to 100° C, which is defined as (Pywe—Ro)/100Ro=a. It would be 


desirable to have the value of this quantity always stated as a figure of merit for 
platinum of thermometric quality 
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l recom 
should be 
annealed in air above the maximum temperature at 


The International Temperature Seale 
mends that platinum for thermometry 


50° C 
and 


or higher for standard 
about 1,100° C for 


which it is to be used 
resistance thermometers 
standard thermocouples 
1935, platinum platinum-rhodium 
thermocouples submitted to the Bureau for calibra 
tion have been annealed for 1 hr at 1,450° C befor: 
calibration, the temperature 1,450° being approxi- 
mately the maximum temperature of calibration 
The wires are annealed by hanging them between 
two binding posts in air and passing an electric 
current through them. A previous article 6] offers 
the following comments on this practice. 

“There is some question as to the optimum tem 
perature or length of time at which such couples 
should be annealed to produce the most constant 
characteristics in later As a matter of fact, 
there is some question as to whether annealing for 
for more than a few minutes is harmful or beneficial 
Most of the mechanical strains are relieved during 
the first few minutes of heating at 1,400 to 1,500° C 
but it has been claimed that the changes in the 
thermal emf of a couple in later use will be smaller 
if the wires are heated for several hours before 
calibration and The principal objection 
annealing thermocouples for a long time at high 
temperatures aside from the changes in emf taking 
place, is that the wires are weakened mechanically 
as a result of crystal growth.” 

The lowest annealing temperature that has been 
advocated for thermometric platinum is 400° C [7] 
Brenner states, “It was found that chemically pure 
platinum wire can be completely annealed at 400° C 
in one hour. Wire annealed slowly at this tempera- 
ture in air (by heating it in a platinum dish in a 
furnace, not by resistance heating) shows an im- 
proved behavior with respect to contamination in 
subsequent service as compared to wire annealed 
(by electrical heating) at 1,450° C.” 

In an unpublished investigation at this Bureau in 
H. Meyers found that 0.003-in.-diameter 
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roperties of platinum that has already 
ealed at a lower temperature, and (2) to investigate 


measurement 


ries of heat 
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i i ir-lea t ! A-C w i 
I AY rel ! ‘ on 
num resistance-thermometer wire (cross-sec- 
al area reduced 99+ in drawing) was almost 


pletely annealed within 5 min. at 500°C. After 
ting for a few minutes in air at about 1,000° C 
value of a [Rio R| 100R,) decreased but in- 


eased again upon subsequent heating at 500° or 
owe Cc 


It was pointed out by Mevers that this 
ct would be of importance in using platinum- 

sistance-thermometers at high temperatures. 

lhe present investigation had a twofold purpose 
the start: (1) To find whether annealing for 1 hr 
150° C causes any further change in the electrical 

been an- 


reversible decrease of the coefficient of resistance 

to heating that was found by Meyers. An ex- 
rimental arrangement was used that permitted 
of both the coefficient of resistance, 
and the thermal emf (versus an arbitrary reference 
iterial) of samples of platinum after each of a 
treatments. Because the changes in 
ind thermal emf are related, measurement of both 
perties provides a valuable experimental check 
the results. Since these electrical properties are 
sitive to impurities, care was taken to avoid con- 
nination of the platinum. During the course of 
s work, it was decided to investigate the effects of 
impurities, gold, silver, and copper on the elec- 
al properties of platinum and also the kinetics 
annealing. These subjects are discussed later 
separate sections. 
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2. Experimental Methods 


Figure | shows the arrangement of the sample and 
leads used for most of the measurements. The 
length AN YZ was the sample. At X was welded a 
platinum lead BX, and at Z were welded two plati- 
num leads B’Z, B’Z. The leads BX, B’Z, B’Z 
were platinum of ordinary quality. The wire CY 
was a reference wire for the measurement of thermal 
emf. The thermal emf of the sample versus the 
reference wire was measured, using terminals A-C, 
The length XYZ (16 in.) of the sample served as the 
element of a four-lead resistor for the determination 


of a, using terminals B-A-B’-B’’. Most of the 
measurements were made using 0.020-in. thermo- 
couple-grade platinum wire. The reference wire 


CY was an annealed 0.020-in. thermocouple-grade 
platinum wire. For measurement of the electrical 
properties, the sample, with leads attached as shown 
in figure 1, was inserted into a glass tube of 15-mm 
inside diameter with the wires separated by mica 
partitions. 

The connections between the platinum wires and 
the copper leads to the measuring circuit were in 
an ice bath, except for sample 3. With this sample 
no thermal emf measurements were made, hence the 
reference wire CY was absent and the copper leads 
were soldered to short lengths of the four platinum 
leads inside the glass sample-tube. All electrical 
measurements were made with a Wenner thermo- 
couple potentiometer. The resistance of the samples 
of 0.020-in. wire was about 0.2 ohm at the ice point. 
For measuring the resistance of the 0.020-in. wire, a 
current of 20 ma was used. It was found that the 
effect of the heating due to this measuring current 
was negligible. As the voltage drop the 
resistor was only about 4 mv, care was taken to 
minimize residual emf in the system.’ All connec- 
tions between the potentiometer and the sample 
leads were of copper By means of a four-pole 
double-throw switch of low contact the 
currents in the potentiometer and the sample could 
be reversed simultaneously. By averaging the emf 
readings obtained in this way, the residual emf in 
the sample and the measuring circuit was canceled 
out (to the extent that it remained constant 
throughout successive reversals) As the coefficient 
of resistance was of greater interest than the absolute 
values of the potentiometer was cali- 
brated in terms of an arbitrary unit by a method of 
internal comparison of coils... With this calibration, 
emf ratios, and hence a, could be obtained accurately 
without knowledge of the relation between the arbi- 
trary unit of emf used and the absolute unit of emf. 
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By “‘r ual eant that wou xist int unple and 
leads w e cur rough tl umple r rer us well as th {that 
the potentiometer would register if the put terminal were hort reuited 
with copper These are largely t } ral rm former ult 
mostly from strain inhomogeneity in the leads in regions where a temperature 
radient exists and may amount to as much a everal microvolt The latter 
usually results from lack of temperature uniformity throughout the galvanometer 
circuit In these experiment t was negligible 

‘ For an analogous method employed with br e Wheatstone bridges and 
some accessory apparatus for resistance t t E. F. Mueller, Bul 
BS 13, 553 (1916-17) _ 5288 








Routine measurements of the thermal emf of 
test wires versus the Bureau’s platinum thermo- 
electric standard, Pt—27, usually made with 
the wires inserted in porcelain insulating and _ pro- 
tection tubes with the hot and cold junctions 
200 and i) é; respectively For the present 
measurements, it was desired to evaluate the effect 
of strain on the thermal emf. In order that anneal- 
ing should not occur during the measurement, a hot- 
junction temperature lower than the lowest reported 
temperature for rapid annealing of platinum (400 
For this measurement the sample 


at 


C) was required 


tube was lowered into a_ vertical tube-furnace 
Measurements of all except the hard-drawn wires 
were made at 300° or 400° C. Experiments showed 
that, with the time of measurement used, the 


thermoelectric power of these wires was independent 


of the hot-junction temperature over the above 
range. The measurements with hard-drawn wires 
(samples 5 and 7) were made at either 100° or 200 


C, as the initial rate of change of electrical properties 


of such wire due to annealing is rapid at 300° C 
or above. 

In measuring the thermal emf, a switch was 
used to reverse simultaneously the unknown emf 


and the potentiometer current and thus eliminate 
the effect of residual emfs in the measuring circuit 
Careful handling of the sample and leads is im- 
portant, since a portion of wire that has been cold- 
worked by bending may have thermoelectric prop- 
erties differing slightly from those of the unworked 
portion. If the region where the resulting physical 
inhomogeneity exists is placed in a temperature 
gradient, it becomes the seat of a thermal emf, which 
may amount to as much as several microvolts, and, 
in these experiments, was difficult to reduce below 
0.1 wv The effect may be detected by changing 
the temperature distribution along the sample, for 
example, by varying the immersion of the sample 
in the bath, steam bath, or furnace. If thé 
measured thermal emf remains constant in such a 
test, it is probable (though not certain) that there 
is no emf due to inhomogeneity in the wires. The 
effect was minimized by avoiding bending of the 
wires AXY and CY. ‘The most reliable measure- 
ments of thermal emf were those made after anneal- 
ing the sample in the furnace. After such annealing, 
the sample was raised a few inches in the furnace 
for the thermal emf measurement, thus bringing 
annealed (homogeneous) wire into the region of the 
temperature gradient at the top of the furnace while 
keeping the junction Y in the isothermal hot zone. 
In cases where the properties of the lower part of the 
sample wire AXY were changed by annealing in 
the furnace, while the part outside the furnace re- 
mained unchanged, a correction, which in most 
cases was nearly negligible, was applied to the 
measured thermal emf to make it correspond to its 
value if the annealing had extended all the way to 
the cold junction. 

All values of emf were measured to the nearest 0.02 
uv. Because of the difficulty of completely eliminat- 
ing residual emf in the platinum, the reported thermal 
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emfs may be in error by as much as 0.1 to 0.2 
The measurements were reproducil 
within about 1 part in 10° (corresponding to a fi 
hundredths of a microvolt out of # Measured emf 
t.000 uv Values of @ measured in this invest 
tion may be in error by as much as 5 10 , 


resistance 


With the samples and measuring equipment us 
the thermal emf provided a more sensitive index 
physical changes in the wire than did the coeffici: 
of resistance. However, the latter is a more relia 
index because of the cancellation of the residual en 
by reversal of the measuring current 

At first, annealing at 1,450° C was carried out 
vacuum in order to avoid atmospheric contaminant 
This was done by removing the sample from its tu 
and suspending it from binding posts in a bell j; 
using leads A and either B’ BY’ carry t! 
annealing current. The other leads and the referer 
wire CY remained attached but carried no curre: 
and were not heated appreciably in this proces 
The residual pressure in the bell jar was in the ran, 
1 to 10 w of mercury. A liquid-air trap was us: 
to remove mercury vapor originating with th 
mercury-vapor pump. Following such anneali: 
the sample was carefully mounted in its glass tul 
with the tube open to the air, and the coefficient 
resistance and the thermal emf were measured 
Following the first anneal of 0.020-in. wire at 1,450 
C in vacuum (table 1, sample 4 item C), it was 
found that @ had decreased slightly but that thy 
decrease was very much less than Mevers had found 
with 0.003-in. wire in air. The rate at which th: 
wire had from 1,450° C, following cutting 
off of the annealing current, was relatively slow 
due, on the one hand, to the absence of convectiv 
heat loss and, on the other hand, to the relatively 
large size of the wire. It was realized that th 
effect noted by Meyers might depend on the rate at 
which the wire was cooled from high temperatures 
In subsequent experiments, the rate of cooling was 
varied by filling the bell jar with air or helium at 
about atmospheric pressure for the cooling period 
Later it was found that annealing could be carried 
out in the open air of the laboratory without con 
tamination, and more rapid cooling was obtained b 
directing a fan at the sample. In order to test th 
reversibility of the changes in electrical properties 
produced by these treatments, the samples wer 
annealed at 500° C in air (in the tube-furnac: 
following each high-temperature electrical anneal 
as Meyers’ experiments had indicated that the 
limiting maximum value of a@ would be attained 
after such treatment. 
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3. Materials 


Samples 3 and 4 were from different lots of plati 
num wire of thermocouple grade that had beer 
annealed for 1 hr at 400° C by the manufacturer 
Sample 5 was from one lot and samples 7, 8, and 9 
were from another lot of thermocouple platinum 
both of which had been furnished hard-drawn (cross 
sectional area reduced 99+% in drawing). Tw 
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samples of annealed 0.020-in 
the same source as the other samples 
similar to with sample 4 but 
d from this paper because 


rave 

those were 

the measurements 

preliminary and were considered less reliable 

mples used in this investigation were furnished 
Sigmund Cohn Corp 


4. Results 


various experiments relating to the initial 


ves of this investigation are listed in table 1 
order mm whi h thev we re performed on each 
rder to put the values of the thermal emt of 


mples versus the refe rence Wire on a common 





platinum wire 
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Figure 2 Effect of various heat-treatments on the electrical 


prope riies of sample 4 


; j ntior th 


merical data and a descript 


annealing temperature up to 1,450° C However, 
this conclusion should not be applied without quali- 
fication to platinum of lower purity. The initial 
values obtained for samples 3 and 4 indicate that 
these were not completely annealed when received. 
However, this may have resulted from the strain of 
coiling and other handling that intervened between 
the manufacturer’s anneal and the determination of 
the initial results in table 1 

Effect of quenching. Figure 2 illustrates graphi- 
cally the data on sample 4. It will be noted that with 
the exception of item C, the simultaneous changes in 
aand FE are of opposite sign and roughly proportional 
to each other. This proportionality is also displayed 
in figure 3 

After each quench from 1,450° C the values of a 
and & were restored by the subsequent anneal for 2 
hrs at 500° C in air to approximately the values 
0.003927 for a and 1 wv for £”% vs reference wire, 
the latter value corresponding to — 10 wv versus Pt-27 
at 1,200 These values may thus be regarded as 
limiting values for this very pure platinum in the 
annealed state. The most extreme values previously 


Thesis, Leiden, 1936 4 brief summary is given by W. H 
Keesom and B. G. Dammers, Physica 2, 1051 (1935)) and W. Meissner (Ann 
Phys. [5] 29, 264 (1937)) have reported the existence of an optimum annealing 
temperature of about 800° C. According to these authors, a maximum coefficient 
of resistance was obtained by annealing at this optimum temperature with lower 
values obtained after annealing at either higher or lower temperatures This 
result was not confirmed by the present investigation. Since the variation of 
coefficient of resistance with annealing temperature was not demonstrated to 
be reversible by these authors, it is possible that their samples became contami- 
nated at the higher temperatures 


B. G. Dammers 
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ty of ther 
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throughout 


sam ple showing 


fiona of resistance 


the ariou 


malemf u ith coe flicien 


s heat-treatments 


and 


Causes 


recorded at the Bureau were 0.003926 for a 

Suv for £}2° 3.7. Since, in all known 
impurities lower the coefficient of resistance of plat 
inum and (with the exception of gold) make the emf 
more positive, it is presumed that the repeated attain- 
ment of 0.003927 for a and 10 pv for E12 ,, 
throughout the measurements with the 0.020-in. sam- 
ples indicates that the wire was exceptionally pure 
and that no appreciable contamination occurred 
during the experiments.‘ 

The decrease in a and increase in / from the above 
limiting values, which occur on quenching in various 
atmospheres, are greater the more rapid the quench- 
ing. This is shown in table 2, which summarizes the 
pertinent data from table 1. The time of cooling 
from 1,450° C (the temperature was measured with 
an optical pyrometer assuming an emissivity of 0.30 
at the effective wavelength of 0.65 yu) to the dis- 





Because the value 0.003927 for a is higher than any previously recorded at this 


Bureau, the experimental procedure was examined with special care to make sure 


that the result was not due to an experimental error Asa further check, the value 
of a for sample 3 was determined on three separate occasions by M. Waxman and 
Johanna Busse of the resistance thermometry group at the Bureau These deter 
minations involved ways of measuring resistance and of realizing the tempera 
tures that were completely different fram those used by the author A Mueller 
bridge was used for the resistance measurement The value of Re was obtained 
from measurements at the triple point of water, while the steam point was realized 
by the use of a closed steam-point apparatus operating under a controlled pre 
sure On the other hand, the results by the author were obtained, using a poten 
tiometer, an ice bath, and a hypsometer open to the atmosphere The three 
comparisons gave the following result 


a 
Comparison number 
RIC MW and JB 

! 0. 0039243 0. 0039244 

2 0039270 0089263 

; 00389273 0089275 
The differences are less than the sum of the individual uncertainties 

which were about 5X10~ for RJC and 2 or 3X10" for MW and JB, 
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lime of cooling from about 1,4 
- pearance of incandescene ec was used as a compara- 
} e index of the cooling rate. Table 2 shows that the 


irticular gaseous atmospheres used do not exert an 
ypreciable influence on the electrical properties, and 


hout it the rate of cooling alone is of primary impor- 
- lt appears that this effect is an indication of 
the rain produced by the surface of the wires cooling 
ore rapidly than the interior. As is pointed out 
er, Matthiessen’s rule is obeved throughout the 
and periments In other words, the increase in 
a sistivity due to quenching is approximately tem 
lat- ature-independent, and this implies an increase 
emi n the residual resistance (resistance at 0° K Such 
An increase results from increasing the number of 
Pt tice defects and ts characteristic of strain due to 
um cold-working. 
we lo examine the extent to which the effect of 


nching is analogous to a strain, the experiments 
ion sample 7 involving coiling and straightening 








ove of the wire were made. These results show that 
— nnealing at 400° C almost completely overcame 
ch- the effect of a bending strain on a, but that the 
the thermal emf was only partially restored and that 
ing further decrease in / occurred with stepwise increase 
of the annealing temperature up to 1,450° C. Thus 
-§ the effect on @ and F of annealing after a bending 
(lis- strain was not fully consistent with that obtained 
_ on annealing after quenching 
a In another experiment (not included in table 1 
rand i sample of 0.020-in. wire was rolled to a thickness 
— of about 0.001 in It was annealed in a flame 
— between passes. The last reduction in’ thickness 
lized | mounted to about 20 percent It was found that 
os 2 hr at 500° C brought a@ to the value characteristic 
a of complete annealing. The thermal emf was not 
measured. The maximum value of @ obtained with 
this sample was 0.003908, indicating relatively low 
purity, 
Vatthiessen’s rule The values of R and R “ R, 
iven in table 1 have been included in order to illus- 
trate the extent to which the resistance changes that 
result from quenching and annealing obey Matthies- 
sen’s rule IS]. This rule mav be stated in the 
- following general way: Slight variations in the purity 


physical state of a metal cause variations in resis- 
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ti ty that are nearly ndependent of fem perature 
The rule will be seen to be valid to the extent that 
the quantity, P Ry, remains constant throughout 
treatments that cause changes in 7? In certain 
of the experiments, changes in physical state are 
combined with changes in dimensions of the wire 
due to coiling or volatilization. The latter effect 
changes both Ry and R fy in the same proportion, 
and here the validity of Matthiessen’s rule cannot 
be determined by simple inspection of the data. In 
general, the rule is seen to hold approximately, since 
changes in I Ry are much smaller than the 
changes in 7) in those experiments where no dimen- 
sional change occurred 

Rate of « aporation of platinum It is known that 
platinum volatilizes more rapidly in air than in 
vacuum [9]. This is thought to be due to the forma- 
tion in air of a volatile oxide that is unstable. This 
effect is apparent in the data on Ry in table 1. After 
allowing for the effect of quenching, these data show 
that the rate of increase of Ry at 1,450° C is several 
times greater nm all than in vacuum Assuming 
that the increases in /?, in air are largely due to 
evaporative decrease of the CTOSS sectional urea of 
the wire, it is calculated that the rate of volatiliza- 
tion at 1,450° C of a wire hanging vertically in an 
is roughly 20 times the rate of volatilization in 
vacuum found by Jones, Langmuir, and Mackay {10}. 


Relation between a and k In the past 1D vears, 


the values of a@ and fF —~ have been deter 
mined at this Bureau for nearly 100 samples of 
platinum from various sources Any differences 


between these samples may be attributed to differ- 
ences in purity, as all were annealed for 1 lir at 
1,.450° C in air before testing The results are plotted 
as open circles in figure 4 Although there is 
considerable scattering, much of the data can be 
represented by the following simple equation, which 
is represented by the solid straight line in figure 4 
FE is in microvolts 


a=0.003922—0.5X 107° Aim, 1) 
This relation was noted by Wm. F. Roeser some 
vears ago and is published here for the first time 
Unfortunately, there were only a few samples where 
a single impurity predominated, so that it is not 
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Fiaure 4 Electrical 


prope riies of platinun 


Annealed mi ple various purities W r " impurit was know 
predor ite it er iu symbol ver x, Data Wr F. Ros ron a 
wit! 1 (see table 6, data on alloys wit i th nvestigatior 
* lata r hard-draw platinum I ‘ i tuge ih ine See tabl l, 
sm ple und und! table he d ! er ts the equation 

a =0.003922—0.5x10-¢ E 


possible to judge to what extent the equation is 
generally valid. These samples with predominant 
single impurities are separately identified in figure 4. 
Because there is no reason to suppose that the 
effect of different impurities on the relation between 
a and £ is the same, the above equation ought to be 
used with caution. In fact, the effect of gold as 
an impurity is known to be entirely different 
While addition of gold lowers a in the usual way, it 
makes the thermal emf more negative. This is 
illustrated by the lowest curve in figure 4, which 
represents unpublished data obtained by Wm. F. 
Roeser in 1935 (table 3). The points are shown by 
crosses. 

The change of electrical properties with time at 
1,500° is believed to be due to preferential volatiliza- 
Tape 3. Elect 


cal properties of platinum containing small 


amounts of goid 


" I 

rl im simi 0.2 gold ‘ “ 

value 0 131 
After 3 br at 1,500° ¢ (WKB 4 
After 5 hr total at 1,500 OOSSS2 Th 
After § hr total at 1,500 08s a”) 
After 12 br total at 1.500 OOG804 2 
After 16 hr total at 1,500 O08R0F ? 
After 22 hr total at 1,500 003902 


number 
sam ple Poi 


100 





tion of gold. Spectrochemical analysis of the samy 
at the end of the experiment showed that the 
content had been reduced to 0.02 percent ‘| 
sample also contained 0.01 percent of Zr at by 
start and finish plus traces of Ca, Al, Mg, Si, and | 
These impurities probably for the fi 
values of /}2" ; 
Mott has explained some of the properties 
palladium in terms of the quantum theory of met 
and his discussion may be applied to platinum, wh 
has a similar electronic structure. The explanati 
of the effect of dissolved gold in making the therm 
electric power of platinum more negative is partic 
larly 
effect 
being 


account 
being positive 


ve, Pt 


interesting in view of the singularity of t] 
However, it appears that copper and silv: 
isoelectronic with gold should produc 
similar effect In order to this, the electric 
properties of a number of alloys of gold, silver ai 
copper with platinum were determined The dat 
obtained and descriptions of the alloys are given 
table 4. The allovs were in the form of 0.020-in 
diameter wire and were annealed for 5 min at 1,450° ¢ 
in air 


test 


before testing. 

The data in table 4 have been plotted in figure 4 
insofar as the range of the plot allows, 
represented by half-shaded The 
position of “Ag” in figure 4 is a consequence of thy 
decrease of thermal emf of the silver alloys at the 
higher temperatures. The positive emf of the copper 
and silver allovs is contrary to prediction. Thus 
gold remains the only impurity that has been found 
to lower the thermoelectric power of platinum 

The data for samples 5 and 7 in the hard-draw1 
state fall far outside the range of figure 3 but would 
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Ficure 5 Data of Wise and Vines on isochronal annealing o 


plat mum 


Number give the percentage thickness-reduction in rolling. P is the hardne 
it temperature 7’ minus the hardness number of the fully 


the value of P before annealing 
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omewhat above the extended line of eq 1 The 


tion is represented in figure 3 bv the diagonal 
and is seen to represent the data on quenching 
mple 4. The data on the quenching of sample 7 
us K through Q), table 1 
nted by eq 1 


are also closely rep- 
é | HHowever, the data on cold- 
ng by coiling followed by annealing at tem- 
ires below 1,450 would lhe above the line 
esenting the equation in figure 3 

is seen, therefore, that eq 1 is a good representa 
of the relation between a and £ for (a) pure 
num quenched at various rates and (b) an- 
ed platinum, which is contaminated by various 
other than vold 
equation is only approximately 
worked platinum that has not been annealed 
150°C 


Kinetics of annealing 


irities silver, and copper 


correct for 


Krupkowski and Balicki 
Balicki [12], and Brindley [13] have shown that 
iny features of the annealing process for copper can 
terpreted in terms of the kinetics of a first-order 
ess. In this theory it is postulated that the rate 
umnealing, —dxr/dt, is proportional to x, which is the 
ction of cold-worked metal remaining at time f, 
d to a factor e~**", in which © is an activation 
rg It is assumed further, that the quantity 7’ 
fined as the difference between the value of some 
operty (resistivity, thermoelectric power, hardness, 
at a given stage of annealing and in the fully 
nealed state is proportional to z That is, 


dy 


- cre * 2 
dt 
between a and F of exist for silver and 
y Che following equat e derived from unpublished work at tl 
Wim. F. Roeser I ! it 
Ag: a0,00400—6X 1 fh aft ) 
} a =0_006514+4.8* } . lw), 

0.00409 and 0.00651 are the maximur ilues of a obtained for er and 
pectively, and correspond to the purest samples in the annealed state 
ver, strain or decrease of purity resulted in decreased @ and increased / 

vas the case with platinum, while with iron, @ and E decreased together 

1, the consistency of the results for samples of differe purity wa 

t fortuitous or due to the narrow! f sample selection I Mott 
y the positive sign of the coefficic {} ! juation for ” would t 
ed to the fact that 0 Nie ‘ positive for iror J. ¢ Slater, Pt Ke 49 
46), where N(e) is the number of d-levels of energy « rt n contrast to 
im for which the coefficient of FE and ¢ dantit Nie eare both nega 
Matthiessen's rule was obeyed throughout the range of purit ! 
k vered by these experiments, namely, down t slue + of 0.00887 for 


1 0.00542 for iror 


where ¢ is a constant, and /’ocr, whence 


P I 
P 


where ?° is the value of 7’? at 4-0. On the other 
hand, Cook and Richards |14], in order to arrive at a 
form of equation that would fit their hardness measure 
ments on cold-rolled copper, found it necessary to 
assume a two-step process, namely, “recovery” fol 
lowed by “reerystallization Richards states ‘ 

it is assumed that the degree of recovery is a/ways 
cry small, our con eption is that recovery 1s shorter 
in range than reecrystallization and small recovered 
regions serve as points at which recrystallization can 
The result of this treatment is a formu 
la similar to eq 3, except that ¢ appears squared and 


commence” 


in place of © there appears the sum of the activation 
Values 
of © for copper in the range 11.5 to 33: keal mole 
0.5 to 1.4 ev have been re ported 
\ test of the applicability of these equations to the 
data on the annealing of platinum by Wise and Vines 
2) is illustrated in figure 5 
dure of these authors may be 


energies for recovery and recrystallization 


The annealing proce 
termed “isochronal 
since annealing was carried out for a fixed time at 
various temperatures 

As figure 5 shows, the data are apparently incom 
patible with eq ; and with Cook and Richards 
equation, both of which require that the lines bx 
straight. From the slopes of the straight midportions 
of the curves are derived values of © ranging from 16 
to 31 keal/mole without any obvious dependence on 
the percentage of reduction It is difficult to base 
any interpretation on these data 
curve there is only one point at or near half-recovery 
All the other hardness values are within a few hard 
ness numbers of either the initial or final values, and 
hence log P°/P has low ace uracy al these points 

In order to test eq 3 further, two isothermal anneal- 


because for each 


ing curves for platinum were obtained experimentally 
The samples were from the same stock as sample 7 
Measurements of the coefficient of resistance, a, and 
of the thermal emf /}" 
reference wire used previously were made in the same 
way as before, except that the lead, AX (fig. 1), was 
a length of annealed wire similar thermoelectrically 


versus the same annealed 
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Values a 


to the reference wire, CY This placed the effective 
cold junction of the thermocouple, AX YC, at point X. 
(The temperature of this point was measured by 
replacing BX with a platinum 10-percent rhodium 
wire and measuring the emf of the platinum-platinum 
10-percent rhodium thermocouple, BXA. This pro- 
cedure avoided bringing inhomogeneous wire into 
the region of temperature gradient during the meas- 
urements. Samples were annealed at 301 
C. The results are given in table 5 

Values of 12 EX are plotted versus a@ as filled 
circles in figure 4 for the samples annealed at 301 
and 352 © 
points also represents the data for samples 5 and 7 
table 1) in the hard-drawn state and for sample 7 
after coiling 

Table 5 shows that there is little difference whether 


and 352 


The dashed curve drawn through these 


P/P° refers to changes in /?y), a, or Values of 

PP calculated from a@ are plotted in figure 6. 
Two noteworthy features of the data may be 

pointed out 1) the marked decrease in P/P° in the 


first few minutes is much greater than is required by 
a simple exponential dependence on ¢, that is eq 3 
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Ficure 6. Isothermal annealing of two samples of hard-drawn 


plati num 
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and the equation of Cook and Richards do not apply 
2) the limiting values that @ and F approach as 


increases are the same regardless of the annealing 
temperature. Others (see footnote 5 and referen 
[13]) have found the limiting values to be a funcetior 
of the annealing temperature. Since the present es 
periments are distinguished by the very high purity 
of the samples used, it is suggested that the depend 
ence of limiting value on temperature that others 
have found may be due to the presence of impurities 

We may picture annealing to be the result of dif 
fusion of dislocations and their cancellation throug! 
encounters with dislocations of opposite sign. If this 
were the case, the rate of recombination would bi 
proportional to the square of the concentration of 
dislocations and to their diffusion velocity. The lat 
ter would contain a factor, e~%“", in which @ may 
be regarded as an activation energy for a displac 
ment over a distance of one atomic diameter. As 
suming further that P is proportional to the concen 
tration of dislocations, the equation 


is obtained. This equation, however, also fails to 
fit the experimental data. According to the abov 
mechanism, we may suppose that the final stages of 
annealing (when the local density of dislocations 1s 
everywhere low) would be the same regardless of 
whether the metal had been initially cold-worked to 
a high degree or not. This is at variance with a 
body of evidence [2, 13, 14] showing that the final 
stages of annealing are slower the less the amount 
of prior cold-work. 

Returning to Cook and Richards’ assumption ol 
an intermediate stage, the mathematics for such a 


indicated that the tot 
ind probably was muc 


Spectrochemica analysis and other considerations 
content of impurities did not exceed 10 parts per million, 
less 























of two exponential terms, each having the form 

right side of eq 3 Indeed, the curves of fig- 
}can be fitted by sums of a number of exponential 
s of the form of eq 3 
s are required to fit the upper curve. Since 
idlev [13] and Balicki [12] have shown that ( for 
is practically independent of the degree of 
work, it seems reasonable to inquire whether the 
ent data might be fitted by summing terms like 


ght side of eq 3 over a range of values of ¢ while 


ng @Y to be constant Proceeding in this wav we 


P ” pre : fie\de rt 


density of the terms 
as a function of « Depending on the 
1 of f(e), c, may be either finite or infinite 
Simple functions such as f(¢ ac"e~**; n>0, bSO0 
not lead to a representation of the data, but the 
ihe shaped function 


AL expresses the 


Ii¢ rie ce 
a satisfactory result. a, 6, m, and q are con- 
ts. Inserting this function in eq 4 and integrat- 
¢ © gave 


re | mp aP ' and j qp bh pP The second 
m describes the decrease in P P° at small values 
the first term remaining constant at the value, 4 
With further increase of ¢, the first term, which by 
»w predominates, also decreases. The agreement 
is improved by taking the limiting value of a@ to 
0.0039274 instead of 0.0039264 In calculating 
{/ trom the values of the constants at the two temper- 
ires, one finds that different values result in each 
The resulting constants are / 0.328, 
0.672, a2=1.4X10-" hr, 6=2.9X 10~ hr, Q,=39 
al/mole, Q@.=20 keal/mole 


rm of eq 5 
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tep process may be carried through rigorously, 
s without these author's assumption that the 
of the primary process is always small. The 
of this treatment is that ?/P° is equal to the 


However, at least three 





Whether or not eq 5 is generally valid, we may at 
least conclude that it is apparently not possible to 
fit the curves of figure 6 on the basis of temperature- 
activated processes having a single value of A It 
may be supposed that Q depends upon the local stress 
existing in the region of a given dislocation A com- 
plete treatment, taking dn in eq 4 to be a function 
of both e and @ has not been carried out, since a 
larger body of experimental data would be required 
in order to establish the form of the required function 


Several helpful discussions with Bert Brenner, of 
the Sigmund Cohn Corp., are acknowledged, and the 
cooperation of that concern in supplying the samples 
of platinum for these experiments is much ap 
pre iated 
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potential and current requirements for the 


1. Introduction 
underground steel struc- 
tures usually is accomplished by applying direct 
current of such magnitude that the structure as- 
sumes a certain potential with respect to a standard 
reference electrode. Experience with piping systems 
has indicated that the optimum potential for this 
protection is approximately 0.85 v referred to a 
copper-coppel sulfate electrode [1] As potentials 
are measured while the applied current is flowing, 
an indefinite IR drop between the reference elec- 
trode and the electrical boundary of the corrosion 
circuits may be included. Consequently, the true 
potential of the corroding surface is not known 
Although underground structures maintained at 
this potential are probably not materially affected 
by corrosion, the theoretical and experimental basis 
for —0.85 v as applicable to all soil environments 
has never been stated 

By applying electrical theory to the behavior of 


Cathodic protection of 


galvanic couples, Mears and Brown [2] deduced 
that cathodic protection is achieved when the 
potentials of the local cathodes are brought by 


polarization to the open-circuit potential of the most 
anodic element. In soils, differences in potential 
exist on the surface of buried steel structures, in 
effect forming galvanic couples. The problem then 
is that of determining a critical potential generally 
applicable to steel in soils. 

The concentration of ferrous ions in equilibrium 
with iron in water is very small in the alkaline range 
(3, 4, 5). Gatty and Spooner [6] cite references in- 
dicating that the potential of iron in air-free solu- 
tions is a function of the hydrogen-ion concentration 
of the solution, the potential increasing in the anodic 
direction with increasing values of pH. Conse- 
quently, it appears that the rate of corrosion of iron 
in a solution may be reduced to a negligible value by 
polarizing the surface of the metal to a potential 
corresponding to a pH value at which the concen- 
tration of ferrous ions is small. Although no exact 
relation would be expected between the potential of 






















' Figures in brackets indicate the literature references at the end of this paper. 








Potential and Current Requirements for the Cathodic 
Protection of Steel in Soils 
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Potentials of steel in 20 air-free soils varying in pH from 2.9 to 9.6 were determined in 
the laboratory These data and the potential-pH relation for the hvdrogen electrode were 
used in fixing the optim potential for the cathodic protection of the steel against cor- 
rosion The effectiveness of this pote ntial for the cathodic protection of steel in soils was 
confirmed by weight-loss measurements on electrodes that were maintained at the selected 
potential in five corrosive Cathodic polarization curves are interpreted in terms of the 


! | 


of steel in soils 


prot« etion 


iron and hydrogen-ion concentration in air-fre: 
soils differing widely in composition, an approximate 
evaluation of the critical potential at which iron 
would be subject to negligible corrosion appears 
teasible. This requirement for cathodic protection 
may be subjected to experimental verification by 
maintaining weighed electrodes exposed to normal 
corrosion in soils at the selected potential for a con 
siderable period of time 


2. Potential of Steel in Air-free Soils 


Potentials of steel electrodes * were measured in 
20 air-free soils ranging in pH from 2.9 to 9.6 and in 
resistivity from 60 to 17,800 ohm-em. Each soil 
was finely ground and saturated with water, and 
then mechanically worked and carefully packed into 
a Lucite cylinder 1.75 in. (45 mm) inside diameter 
by 2 in. (51 mm) long. The steel electrode was a 
disk 1.73 in. (44 mm) in diameter by 0.125 in. (3.2 
mm) thick with machined surfaces. One surface of 
the disk after degreasing was scratched with 1G 
French emery paper. With this surface adjacent to 
the soil at one end of the cylinder while the other 
end rested on a flat surface, the disk was manually 
pressed with an oscillatory motion until the soil 
began to ooze out around the edge, indicating that 
good contact between steel and soil had been se- 
cured. After removing the excess soil from the edge 
of the disk and cylinder, molten asphalt was ap- 
plied around the edge of the disk to hold it and to 
serve as an air seal. A circular piece of No. 16 
mesh stainless steel screen with a 0.25-in. (6.4-mm 
hole in the center was pressed against the soil at the 
other end of the cylinder. Then molten asphalt was 
applied over this entire area excepting the hole, which 
permitted release of the soil pressure and served as 
an area of contact for the reference electrode. The 
soil cells were individually confined in a water- 
saturated atmosphere and removed only for such 
time as was required for daily potential measure- 
ments which were made with a potentiometer. The 


Composition of steel in percent: 0.23 C, 0.58 Mn, 0.008 P, 0.025 8, 0.095 Si, 
0.077 Cu 














free 
ats 
iron 
“rs 
Hon 
by 


mini 


‘On 














tials of triplicate cells became relatively steady 
varied less than +5 mv, indicating that oxvgen 
been effectively excluded or consumed by cor- 
Stabilization at the most anodic potentials 

rred within a period of 10 days 
he values of the potentials of the steel electrodes 
he different air-free soils versus the pH values of 
orresponding soils are shown in figure 1 Each 
t represents the average of four potential meas- 
nts made on as Many consecutive days after 
lization of the electrodes. The rather wide dis 
m of the values for soils having approximately 
same hydrogen-ion concentration results from 
fact that the potential of steel in aqueous elec- 
vtes is determined by the composition, as well as 
the hydrogen-ion concentration of the ele« troly te 
curve is similar to curves representing the po 
tial of iron as a function of hvdrogen-ion concen- 
on in different aqueous electrolytes [6]. In fact, 
ay be considered as a composite of the potential 
H curves for different salt solutions reported in the 

ature 

orey and Finnegan [5] report that the hydrogen- 
oncentration of waters in which iron is in equil- 
im with ferrous hydroxide is between 8.3 and 
depending on the composition of the waters and 
Since the curve in figure 1 is a com- 
te for various soils it would be reasonable to se- 
a critical potential based on the average pH 
reported in the literature, such as pH 9. It 
also be observed in figure 1 that at this value 
potential curve for the standard hydrogen elec- 
at atmospheric pressure intersects the potential 
ve for steel According to Holler \7] COTTOSIOTL IS 
wed to a negligible amount at this point, since 
is no difference of potential between the hy- 
The potential at this 


lactors 


drogen and steel electrodes 


ersection, approximately 0.77 v, therefore is 
nsidered as the protective potential This po- 
tial is equivalent to 0.53 v. on the standard 


nvarogen scale . 


3. Properties of the Soils Used in the Study 
of Cathodic Protection 


The samples of soil for the study of cathodic pro- 
ction were taken from five of the National Bureau 
Standards soil-corrosion test sites. The soils vary 
onsiderably with respect to their physical properties 
and the composition of the water-soluble matter 
table l All of these soils are severely COTTOSIVe 
to vard ferrous metals, as 1s evidenced by their low 
esistivities. Specimens of 1.5-in. (38-mm) steel 
ipe of standard wall thickness 0.145 in. (3.7 mm) 
ere perforated within 8 years in soil No. 64 


4. Experimental Methods 


The experimental corrosion cell in which the test 
ectrode * was subjected to corrosion by differential 
eration is shown in figure 2. The cell was made 


>ee footnote 2 for com position 
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up with four Lucite sections. Differential aeration 
was accomplished by puddling half the soil of the 
top section and wetting the other half under a suction 
of 30 em of mercury The soil of the other three 
sections also was moistened under suction. The 
suction apparatus consisted of flasks fitted with 
buckner funnels of the fritted-glass type. After pack- 
ing the puddled soil into one-half of the top section, 
the four sections were set up inside the funnels. Dry 
soil, previously passed through a No. 20 mesh sieve 
was packed into each section. Water dispensers that 
provided for uniform distribution of distilled water 
were set up over the dry soil of each section. The 
rate of moistening the soil was controlled by the 
degree of suction and by the characteristics of the 
soil. The perforated stecl electrode (fig. 2) was the 
auxiliary anode, the perforations permitting air to 
pass through to the test electrode from the bottom 
of the cell The stainless steel screen ke pt the soil 
intact The component parts were held together 
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applied pressure to the test electrode through the 
Since the asphalt was pliable, this 
pressure assured contact between steel and_ soil. 
The only part of the test electrode subject to corro- 
sion was the machined surface adjacent to the soil. 
The surface was prepared by degreasing and scratch- 
ing with 1G French emery paper. The edge and top 
side were with a bitumastic compound 
Electric the electrodes were made 
through steel screws that had wires soldered to the 
heads. Potential measurements were made through 
an agar bridge at the lower side of the cell. The cell 
was stored in a friction top can containing a small 
quantity of water to keep the air saturated with 
moisture. The cell was placed above the water level 
and was not removed for the duration of the study. 
Wires from the electrodes were brought through 
holes in the side of the can. The can also was fitted 
with a hole for insertion of the agar bridge. When 
potential measurements were not being made, the 
bridge was removed and the hole was sealed. 

Each cathodic protection test was of 60-davs 
duration. Several cells were assembled with each 
soil, and cells for any one soil were operated concur- 
rently. The corrosion rates in such a group of cells 
were reproducible within a standard error of about 8 
percent. All the cells were permitted to react freely 
for a period of approximately 48 hours before apply- 
ing protective currents. The weight that 
during this period were calculated from 
cathodic and anodic polarization curves such as 
described by Holler [7] and Pearson [8]. The cath- 
odic polarization curves also are interpreted in con- 
nection with the current required for protection, to 
be discussed later. Cathodic polarization data 
obtained at the conclusion of the 60-day period were 
similarly plotted. In obtaining the data it was 
found necessary to apply approximately equal incre- 
ments of current at regular intervals. An arbitrary 
interval of 3 minutes was used. 

Dry cells (1.5 v) were used as a source of external 
power. The test electrode (cathode) was maintained 
at the desired potential by applying a constant 
voltage between the cathode and the auxiliary 
anode. The voltage was obtained from a variable 
voltage divider connected across the dry cell. The 


rubber stopper 


coated 


connections to 


losses 


occurred 


voltage was adjusted to provide the required current, 
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which was measured with a zero-resistance milliam 
meter. Thus, the amount of current flowing to the 
cathode depended on the potential of that electrod: 
\ change in chemical polarization of the cathod 
affected the applied current in such a way so as to 
oppose that change. The auxiliary anode was com 
paratively unaffected by anodic polarization at th 
desired current, and the cell resistance was relatively 
constant. Current and potential measurements wer 
made approximately every 48 hours. The protective 
potential, in general, was maintained within +15 mv. 
All potential measurements were made by the Hick 
ling interrupter method as adapted for use with 


soils [9]. 


5. Protection Obtained by Maintaining 
a Fixed Potential 


The degree of cathodic protection that was ob- 
tained by maintaining the potential of the cathode 
at 0.77 v with to the saturated calomel 
electrode is indicated by the weight losses given in 
table 2. The weight losses of the cathodes attribu 
table to the freely corroding period have been de 
ducted from the losses shown in the table. Because 
the potentials of nearly all the cathodes departed 
more or less from the critical potential of 0.77 
v for different periods of time, the extent of the 
departures with respect to potential and time are 
given in table 2. It will be observed that the weight 
losses of the cathodes in all the soils are small com- 
pared with the weight losses of the controls, expe- 
cially of those cathodes whose potential deviated 
little, if at all, from —0.77 v. As may be expected 
the results summarized in table 2 show that large 
weight losses for any given soil are associated with 
the greater deviations less negative than the critical 
potential 0.77 v). Figures 3 and 4 show some 
of the cathodes and their corresponding controls for 
which data are included in table 2. Some of the 
corrosion shown in the photographs of the protected 
specimens of course occurred during the freely cor- 
roding period of 48 hours. The fact that corrosion 
Was not completely prevented in any of the soils is 
consistent with the results of Mears and Bialosky 
[10] who reported small residual weight losses for 
cathodically protected specimens. These investi- 
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Figure 4 Effect of potential in cathodic protection —er posure 66 days 


Partially protected cathodes 14 17%) and 22 (soil 64) failed to polarize Protected cathod 16 11 79) and & il 64) were sintained at —0 sturated 


lomel scale) after 48 hr without protectior 








gators attributed such losses to incomplete protec- 
tion during the period before cathodic protection 
became wholly effective The weicht in soil 
60 of a cathode having a somewhat different poten- 
tial (—0.69 v) than the critical potential 0.77 \ 
for 12 of the 60 days was 84 mg (table 2—cathode 
1), while a change to only —0.75 v for 18 of the 60 
days resulted in a weight loss of 40 mg (table 2 

cathode 32 However, the weight loss accompany- 
increased 


loss 


ing a greatly potential (in a negative 
direction) to —1.0 v for almost the entire 60 days 
was 27 mg table 3—cathode 2), which is not mate- 
rially less than that for cathode 32. These results 


indicate that corrosion cannot be entirely prevented 


and that 0.77 v is the approximate optimum 
protective potential. 
This is in accord with Kuhn’s statement that 


polarizing an iron structure to potentials greater 


than 0.85 v (ref. Cu—CuSO,) represents wasted 
electric energy [1]. How much IR drop is included, 
if any, in the designated potential of —0.85 v can- 
not be definitely stated. (The value of —0.77 \v 


referred to saturated calomel, which is free of IR 
drop outside of the electrical boundary, is equivalent 
to 0.85 v referred to a copper-copper sulfate ref- 


> > 
erence electrode apart from any equivalent IR 
drop 
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6. Interpretation of Cathodic Polarization 
Curves in Cathodic Protection 


Breaks in cathodic polarization curves have been 
interpreted by Ewing [11], Pearson [12], Denison 
and Romanoff [13], and Holler [7] in terms of the 
current and potential requirements for cathodic pro- 
tection in soils. However, the data pertaining to 
significant changes in potential or current noted by 
these investigators have been based chiefly on theo- 
retical considerations. Also, the effect of time on 
chemical polarization as related to critical current 
densities has received scant attention. Limitations 


of polarization curves in certain environments for 
determining the current required for cathodic pro- 
tection have been pointed out by Mears and Bia- 
losky [10]. 


These investigators concede that breaks 
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in cathodic polarization curves have definite signifi 
cance when the rate of is determined 
wholly by the cathode reaction (cathodic control 
For the special condition that the observed potential 
of a corroding metal is the same as that of the anod: 
on open-circuit the break in the curve indicates that 
the entire surface has become cathodic. However 
under most natural environmental soil conditions 
the potential of iron with respect to a standard 
reference electrode is considerably less negative than 
the potential of iron in the same environment with 
air excluded. For such natural conditions the sig 
nificance of breaks in cathodic polarization curve 
with respect to cathodic protection is not so readily 
understood 

In a study of the polarizing characteristics of 
dissimilar metals, Brown and Mears [14] showed 
that breaks in a composite cathodic polarization 
curve of a series of metals connected together in an 
electrolyte coincided with the open-circuit: potential 
of the more anodic metal. Hence, in a differential 
aeration cell, a break in the cathodic polarization 
curve would be expected to occur at the open-circuit 
potential of the anode. Experimental verification of 
this was obtained with a corrosion cell set up similar 
to those already described, except that the eleetrod 
was cut into equal segments that were separated to 
permit measurement of the cell current Figure 5 
illustrates the electrical relations that were observed 
It will be noted that a change in the polarization rat« 
occurred around the open-circuit potential of the 


corrosion 
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‘1GURE 5. Current and potential relations of se parated steel 
electrodes in a differential-aeration cell during cathodic polar- 
ization. 
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at which potential the cell 
ent Was reduced to zero Because the potential 
0.70 v was the average potential of a large 
nber of local couples on the anode, polarizing the 
ple to this potential would not eliminate local 
iples whose potentials were greater (more negative 
mn 0.70 v. In order to effectively inhibit cor- 
sion it would have been necessary to increase the 
tential of the experimental couple to —0.77 


le, namely, —0.70 v, 


['ypical cathodic polarization curves obtained on 
solid electrode of one of the experimental cells, 
ted on both rectangular and semilogarithmic 

ordinates are shown in figure 6, a, and b, respec- 

ely Two breaks indicated in figure 6, a: 
nt A corresponding to the average open-circuit 

tential of the anode of the cell, and point B 

rresponding to the beginning of the hydrogen- 


are 


ervoltage portion of the curve. An approxima- 
m of the current indicated by A (fig. 6, a) is ob- 
ned from the semilogarithmic curve (fig. 6, b) by 


intersection of the extended dashed straight-line 
tions of the curve. The straight-line part of the 
logarithmic curve at currents greater than the 
rapolated value represents the hydrogen over- 
lage The beginning of the hvdrogen-ov ervoltage 
Ve does not always appear as a distinet break B 


e rectangular plot but sometimes appears as a 
lual decrease in the polarization rate. Although 
current indicated by A (fig. 6, a) would not be 

licient initially to eliminate all local corrosion on 
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Ficure 6 Cathodix polarization curves of a single steel elec- 
lrode ina differential-aeration cell, (a plotted on rectangular 


00 dinates, b on 38 milogarith mic coordinates 


| the surface of an electrode it is reasonable to expect 


that the drift in potential caused by the continuous 
application of the current indicated by the break 
would be sufficient to polarize the surface to the 
protective potential and thereby to provide cathodic 
protection 

In order to determine the effectiveness of the cur- 
rent indicated by the break A (fig. 6, a 
ment for cathodic protection, corrosion cells were set 
up as deseribed in section 4, and currents indicated 
by the breaks A in the cathodic polarization curves 
for the five soils studied were applied to the previously 
weighed cathodes In four of the soils the cathode 
potentials drifted to the protective value of 0.77 
v in from 3 to 21 days table 3 The cathodes of 
two of these cells were allowed to drift to potentials 
greater than the protective potential, whereas the 
cathodes of the other two cells were maintained at 

O77 \ A comparison of the 
cathodes with losses of the respective control elee- 
excepting in soil 64, which will be discussed 
later) shows that the degree of protection is good 
The data for cathode 6 furnish additional evidence 
that polarization to a potential greater than —0.77 
v produces no appreciable further reduction in 
weight loss. This will be noted by comparison with 
the data for cathode 5 in table 2, in which case no 
actual benefit is indicated. Cathode 2 has already 
been referred to in section 5 in this same connection. 

The rapid drift in potential of cathodes 2, 21 and, 
25 (table 3) to the protective value is consistent with 
the low weight On the 
other hand, electrode 6. exposed to the very corrosive 
soil 13, lost negligible weight in spite of the fact that 
its average potential 0.72 v) for 21 days was 
considerably negative than the protective po 
tential 


as a require- 


weight losses of 


trodes 


OSSECS of wese Cleclrodes 
f tl lectrod 


less 
This apparent anomaly is to be explained 
by the fact that local corrosion in soil 13 is generally 
negligible The relative absence of local corrosion 
is well illustrated by comparing the photographs of 
the control electrodes 13 and 60) in figure 3 
Howeve even in alkaline and well aerated soils such 
as soil 13, the possibility of pitting cannot be ignored 
Should air be totally excluded from the surface of 
in such polarization to the protective 
potential would be required 
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Fiaure 7 Cathodic polarization curves of a steel cathode (22 
in soul 64 before and after the application of external current 
A for 60 days 
Protection w mt " : t A ng and 
rence of a break fina Not I f tested t t t 
wAw ull polar ’ le and { le | 
1 . . 
The fact that the potential of cathode 22 (soil 64) 


did not drift to the protective potential during the 
period of the test is not an indication that the current 
corresponding to the break in the cathodic polariza- 
tion curve insufficient for cathodic protection. 
The failure of the potential of cathode 22 to reach 
the protective value is attributed to selecting the 
applied current before the maximum rate of corrosion 
developed. Therefore, the current applied for cath- 
protection was insufficient. The increase in 
the corrosion rate of cathode 22 during the course 
of the test is shown by the fact that the break in the 
cathodic polarization curve obtained at the conclu- 
sion of the test indicated a greater current require- 
ment than the curve obtained at the beginning 
(fig 

In maintaining the cathodes in the five soils at 
the protective potential the effect of chemical 
polarization resulted in a reduction of the applied 
current (table 4). In four of the soils a steady 
value of current, indicated as the minimum in table 
4, was reached in from 14 to 21 days after the cur- 
rent was initially applied. The reduction of cur- 
rent in the case of cathode 30 (table 4) although 
slight, occurred progressively over the 60-day period. 
Elimination of local couples by diffusion of alkali 
over the surface of this cathode progressed slowly 
because of the preponderance of soluble chloride in 
soil 64. It is probable that the applied current 
could have been reduced even more had the length 
of the test period been extended. 

The average corrosion currents calculated from the 
weight losses of the control electrodes by the ap- 
plication of Faraday’s law (table 4) indicate in 
most cases that the minimum current required for 
cathodic protection is about equal to the average 
current associated with corrosion. Thus, the high 
initial currents required for protection are partly 
attributable to the higher initial corrosion rates. 
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Fiaure 8 Cathodic polarization cu of a steel cathode 


; 


in soil 13 before the application of protective current, 

B, Minimum protective current, which maintained a cathode potent 
0.77 v 
Denison and Romanoff studied the behavior of 


zine-steel couples underground [13], and their results 
suggested that no more current is required for th 
cathodic protection of steel than that caleulated by 
Faraday’s law for loss in weight produced by norma! 
corrosion. 





TABLE 4 Current re quired for cathodic protection—er posure 
60 days 
Protective A verage Curt - 
Weight loss of current current — - 
Soil Catt electrodes upplied to ilculated Le . 
: od atho fr weight — 
nun aaa 1 { ant | " 
ber he OS vi or 
ber ntrol by shad 
Faraday - 
Catt Cor I M . rat 
i l tial t law of thod 
s 2 4 uo as ”y ~ 
rh 2 1) ) vi 4 f 
7s » 
7 ) ‘ RN ‘ ‘ 
4 f oF » 
» Cathode maintained at —.77 v 40.015 v (referred to saturated « 
Minimum steady cu ! ite 2 
Minimu.n current ' rogress rea 60 da 


At low values of applied current the potential of a 
corroding electrode is relatively constant (fig. 8 
The currents at which the corresponding potentials 
depart from relatively constant values are given in 
the last column of table 4. For cathode 8 this 
value is shown at B in figure 8, which is character- 
istic of the curves used for obtaining the other 
values in the last column. In the case of the four 
cathodes that had stabilized after 21 days, there is 
fair agreement between the minimum current that 
actually maintained protection and the values in 
the last column. Apparently the point of de- 
parture on the initial cathodic polarization curve 
of the electrode potential from a relatively stable 
value, designates the applied current necessary to 
maintain a balance between the consumed and 
available oxygen after a cathodically protective 
alkaline film has been established on the electrode 
surface. 
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rE Cathodic pola ation curve of cathode 8 in so 13 
f 8S) after the application of protective current for 60 
prot i ‘ ul 1 a cat le | 


The close relation between the current required for 
otection and that associated with corrosion was 
obably applicable over the greater part of the 
H0-day period, therefore suggesting that initially 
yplied currents smaller than those indicated would 
have been sufficient for protection. Conse- 
ntly, the minimum current finally required for 
eathodie protection must not be confused with the 
ent initially required. To verify this statement 

ditional cells were assembled with soils 78 and 79 

the respective minimum currents, as indicated 
the departure of cathode potentials from rela- 
ely constant values on the original cathodic 
polarization curves, were applied to the electrodes 
for the duration of the 60-day test period. The 
weight losses of these electrodes were as large as the 
osses associated with the corresponding controls 
The potential of the cathode in soil 78 remained 
substantially unchanged during the test period 
while the potential of the cathode in soil 79 actually 
became less negative. The cathode in soil 79 (No. 
1), together with the corresponding control, is 
shown in figure 4. Field investigations in soils with 
pipe coupons show that a change in pipe potential 
to a more negative value is essential for a reduction 
in corrosion [15]. 

\t the conclusion of the 60-day test period all 
cathodes were placed on open-circuit. After a 
period of about 15 hours, required for stabilization 
of the cathode potentials, a cathodic polarization 

irve again was obtained on each electrode. The 


curve for cathode 8 shown in figure 9, is typical of 


ll the curves obtained on the completely protected 


electrodes. The noble potential on open-circuit is 
due to the formation of an oxide film on the electrode 


urface. The polarization curve shown in figure 9 
typical of a true cathode and, of course, reveals 
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Fiagure 10. Cathodic pola ation curves of a steel cathode 0 
in soil 64 before and after the application of protective curren 


for 60 days 


the absence of corrosion It will be noted that, 
here again, B denotes the minimum current required 
for protection and that an inflection occurs at this 
point. It cannot be ascertained whether this in 
flection has any significance, because it was not ap 
parent on the final curves for all protected specimens 
fig. 10 Here again in figure 10, the absence of a 
break in the final curve is consistent with the 
negligible weight loss that occurred on cathode 30 
The occurrence of a break, after having applied 
current for a period, shows that the current was 
insufficient for protection fiy. 7) or that a state of 
corrosion has been resumed. A photograph of 
cathode 22 on which the curves of figure 7 were 
obtained is shown in figure 4 


7. Summary 


The cathodic protection of steel in five corrosive 
soils was investigated in the laboratory, using a 
specially designed differential-aeration cell 

The most significant requirement for cathodic 
protection was found to be the maintenance of a 
critical potential on the surface of the cathode 
This potential, defined by the pot of intersection 
of the potential-pH curve for steel in air-free soils and 
the potential-pH curve for the hydrogen electrode at 


atmospheric pressure, was approximately 0.77 v, 

referred to the saturated calomel electrode; or 0.53 

v referred to the standard hydrogen electrode 
Electrodes maintained for 60 days at 0.77 \ 


lost negligible weight under conditions that produced 
severe corrosion of unprotected electrodes simul- 
taneously exposed in the same soils 


lll 





ele trode 
OSS vy 


Referred to the sulfate 
the potential is approximately 
which is in agreement with the practice for cathodt 
protection used by many engineers, in 
those cases where the measurements are free of IR 


‘ opper-copper 


protective 
corrosion 


drop external to the electrical boundary of the cor 


rosion circuit 

The current required to maintain the protective 
potential 0.77 v) diminished to fairly stable 
values after about 3 weeks for four of the five soils 
tested. This limiting value of current, which just 
maintains the protective potential, differs for dif 
ferent soils. These limiting values were in good 


agreement with the average current associated with 
the 
electrodes 

\< harac teristi 
curve for steel in 
the minimum current initially required for cathodic 
protection Although the potential 
responding to this current may be considerably 
was found 
the critical 


normal rates of corrosion of the unprotected 
athodi polarization 


indicating 


break in the « 
soil is interpreted as 
electrode Corl 
less 
negative than the protective potential, it 
that the potential generally drifted to 


protective value before appreciabl Corrosion Oc- 
curred 

Cathodic polarization curves obtained for pro- 
tected electrodes at the conclusion of the test were 


similar to those obtained fol insoluble electrodes 


thereby indicating that cathodic protection had been 


ai hieved 
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A Monte Carlo Method for Solving a Class of 
Integral Equations ' 





R. E. Cutkosky 


Certain types of matrices can be inverted by a 
mte Carlo method that was devised by .J. von 
imann and S. M. Ulam, and that appears in a 
per written by G. E. Forsythe and R. A. Leiblet 
the following it is shown that this method, when 
ably generalized, can be used to approximate the 
imann series solution of an integral equation 
procedure is then shown to be similar to those 
to solve certain problems dealing with scattering 
varticles, which can be formulated in terms of a 
nomogenceows integral equation, and which have 
described by Herman Kahn 


We wish to solve the following equation for @ (a 


\ Kir. ujdly)dy 


we assume, for convenience, that A (r,y¥) ts 
formly continuous and @ and 6 are finite \ 
al solution of (1), which ts valid if A is smallet 
ibsolute value than the eigenvalue of the cor 
vnding homogeneous equation, which is smallest 
solute value, is given by Neumann’s series 


ols f(g d | Kir. y) fly dy 
nN K r,yfliydy 2 


rere 


K™(r,y K r, 


We may write this as 


We need consider hereafter only the series (2)—if 


ve wish to obtain the resolvent kernel L, we may 


prepara , ‘ part) by on N 
i. E, Forsythe and R. A. Leibler, Matrix inve nby a Mente Carlo method 
AC 4, No. 31, p. 127 uly 195 
Herman Kahn, RAN1W Corp. Report R-163, Stochastic attenuation anal) 

14, 1949 
‘R. Courant and 1. Hilbert, Methoden der Mathematischen Physik (J 
Berlin, 1924-3 
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Lir.y Kir. y \ Air, OL, yd: 


The series (2) can be evaluated by a Monte Carlo 
procedure consisting of two steps: first, a random 
process by which a particular term of the series is 
selected and second i random process by whi hi the 
multiple integral defining the term selected is ap 
proximated (see footnote 3 This, when multiplied 
by a suitable weighting factor, will provide an 
estimate of the value of @(r) for a party ular o We 
notice, however, that in series (2) each term is ob 
tained by a simple operation on the preceding one 
and this allows us t 


» construct a simple random 
walk for approximating (2 

This random walk is defined by a sequence of 
functions P ry defined lor assr* 4 asy° h and 
a=0, 1, 2 where P, (r.y QO and 


In terms of this Sequence We also define 


1" NAV (a y 
ry P 
and 
Pala l P,(2 y dy 


In addition, we must also require that |) be smallet 


than the smallest eigenvalue of AY’ (r,y Kiry 
To estimate @(r7), we start a random walk at the 
point s of the interval ad With a probability 


density given by Po(2,7,;) we jump to the point s,, or 
we stop the random walk, with probability po(s 

Suppose that we have made & jumps, and have 
reached the point 4 Then with probability density 


Py (2e,4 we jump to the point 7;,,, or we stop the 
random walk with probability. p,(s If our ran 
dom walk has traversed the path yi I 
r, ry, Stopping at s,, we define 
V (y/2)=Vo(a,a Vous (te-2) = 
ae 


The expecta 


and use V yr) as an estimate of @(s 





tion of V yz is defined by 


E(V (y/2 V 


J All 


y/r) dP (y/r)- 1) 


Since the probabilities used at each step are con- 


ditional probabilities, the probability meusure de- 
fined in the space of paths with exactly & steps is 
given by 
dP Vit P a | 

P; Lee) Pals day. 5 
and thus the integral (4) can be represented by a 
sum of integrals, the kth of which corresponds to 


those y with & steps. In this way we obtain 


— ee. 
Vy (2 E(V"(y/2 +X 
‘ ra *G : 
+X K (xz, 7,)K (z,, 72) V2 
In the particular case that P,(7,y) is independent 


of n, that is the probabilities depend only on where 
we are, and not on how many steps we have taken, 
(7) reduces to a rather simple form. In fact, if we 
define K,(2y)=K(ry)V""'(2y) the nth moment 
satisfies the following equation 


- + K,, (x,y)vn(y) dy, 
pP \L) Ja 
(assuming || is sufficiently small). 

Let us now turn our attention briefly to the prob- 
lem of finding a set of functions P,(7,y) such that 
the variance of the estimate of (2) will be as small 
as possible. We might expect that if we knew (7) 
we could find a Monte Carlo procedure that would 
give us the correct answer with probability 1 (see 
footnote 3) It is convenient an argument 
on the two-step method 

series (2) denote the nth term by 


to use 


based mentioned earlier. 
In the T,(2). 
Our Monte Carlo process gives us a set of functions 
P(n,x) and v(n,z); where P(n,2)e(n,r)=T,(x2), and 
P(n,r) is the probability of taking exactly n steps if 


we start at the point z. Referring to (5), we see that 


s(Za—2, Fa) - dz,. 


so that P(n,r) 


To estimate J,(x) 


We would like to choose P(n,z) 
T,(x)/o(r), as then v(n,zr) 


O\L). 
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f(x | K(z.7,) f(r) dr 


7 . 


+7'| K(r,7,)K(x,,2 f(x.)dx dr, 


which proves that V(y/zr) is an unbiased estimat: 
ols Because of the condition on .- 


tegrals and series are absolutely convergent 


the above il 


Similarly we obtain for the nth moment of ¢] 


Viy/r), (assuming the nth moment exists), 
ms Pts 
K r,7,)) ) I,21) hz dr, 
re Ue 
| d 
‘"(2 
2,2) Ve—'(z;, 20) ; : dr, du 
r J | 


correctly with probability 1, we must have A(z 
| and f(7) non-negative, as we cannot allow negatiy 
probabilities. It may be convenient to introduc: 
a sequence {l’,(r)}, which has a known sum S 
and estimate ¢(r)+S(r) by the quantity e*(n,z 
U(r) P(n.x). 

The above discussion is of course of little mor 
than academic interest, but it gives an insight into 
the problems involved in minimizing the varianc 
of the estimate. One thing we notice in particular 
is that the optimum choice of the sequence { P, (x,y 
will depend, in general, on the point z at which w: 
wish to find ¢. 

As promised in the introduction, this method 
can be shown equivalent to Monte Carlo techniques 
often used to solve problems formulated in a 
different manner. Suppose we consider the prob 
lem, important in certain applications, of the diffusion 
of the neutrons through a thick slab of scattering 
material. Let the slab lie between the planes r=0 
and z=a. Let f(E, 6, ¢, x) give the number of 
neutrons incident with energy /, at an angle given 
by @ and ¢, which make their first collision at a 
distance x from the front of the slab. Let 
K(E’, 0’, ¢’, 2’, E, 8, ¢, 2) give the probability that a 
neutron that makes a collision a distance x from the 
front of the slab, and has an initial energy F and an 
initial direction of travel (@, ¢), will proceed in the 
direction (6’, @’), have energy #£’, and make its next 
collision at a distance z’ from the front. A colli- 
sion at x >a corresponds to a neutron passing through 
the slab, and a collision at r<0 corresponds to a 
neutron reflected back, which we assume stops the 
Let ¥(F, 0, ¢) give the number of neutrons 


a eo 


process. 
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penetrate the slab with energy FE, and have 
lirection of motion @, @ 


( learly 


fk - 9’ ¢’ r\dk ‘dO ddo'da ‘da 4 


gher terms representing multiple collisions. 
s is very similar to equation 


The usual Monte Carlo method for evaluating 


s to consider a randomly selected incident particle 





and trace its path thru the slab, using some chance 
device to determine the result of a collision see 
footnote 3 The method we have found for 
evaluating series (2 corresponds lo choosing n par- 
ticular particle that has penetrated the slab, tracing 
its path backward thru the slab, and then multi- 
plying by the density of parti les that have the same 
entrance characteristics. Although both the posi- 
tion of the particle making the random walk and its 
final weight must be remembered from step to step, 
only the final weight is needed for the answer in 
our method, while in the other both the final position 
and final weight are needed, and a histogram 
must be plotted. Thus if an answet 
only a few points, our method may be simpler 
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Study of Degradation of Polystyrene, Using Infrared 
Spectrophotometry 
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Since polystyrene is a widely used plastic and styrene is an integral part of the most 
widely used synthetic rubber (GR-S), it appears necessary to know something of the process 
of degradation of polystyrene to assist in interpreting the degradation of these materials ir 
service Polystyrene films were exposed to heat at 100° C in a foreed-draft air oven and 
to ultraviolet radiant energy at 60° C in air. Chemical structural changes in the polymer 
as a result of these treatments were analyzed by study of the infrared spectra between 2 
and 16 microns. obtained with a Baird recording infrared spectrophotometer Ultraviolet 
exposure for 200 hours resulted in absorptions at 2.9 and 5.8 microns, which are attributed 
to hydroxyl and carbonyl groups, respectively Heating of the film for 270 hours at 100°C 
produced no significant change in the infrared spectrum Prolonged heating at 125° C re 

ilted in the destruction of the films by flow The literature and theory on the degradatior 
of polvystvrene are discussed Several mechanisms are postulated to account for the produc 
tion of hydroxyl and carbonyl! products in the polymer 


1. Introduction A) (B 

H 4H H H Hu oO 

The hydroperoxide theory of the oxidation of ole- ‘ , ‘ / } 7 
finic systems, which resulted from studies by Farmer i i i 


and his coworkers [1, 2, 3],' has led to various at- 
tempts to explain the oxidation and degradation of 
polymeric materials with related chemical structure 





4 to 7]. According to this theory, hydroperoxida- 
tion occurs on the carbon atom alpha to the double where n determines the molecular weight of the 
bond Although the complex decomposition of hy- particular polystyrene and is dependent on the con- 


ditions of polymerization. This gives polystyrene a 
relatively simple chemical structure to be considered 
in regard to degradation. The components of the 
chemical structure may be divided into three parts 
(1) The benzene ring, (2) the tertiary carbon atom 
bearing a single hydrogen atom (A) and attached to 
the benzene ring, and (3) the methylene connecting 
bridges in which the secondary carbon atom holds 
two hydrogen atoms (/). 

It is generally agreed that the C—H bond energy 
é' values are in the order primary greater than second- 
has verified that hydroxyl and carbonyl absorptions ary greater than tertiary. The C—H bond energy 


droperoxides with heat and light is not understood 
completely, it is thought that the hydroperoxide Is 
converted to hydroxyl and there is some evidence 
that carbonyl may also be formed [5, 8]. Cole and 
Field [8] have applied these theories to the oxidation 
of butadiene-styrene copolymers and other elas- 
tomers and have suggested that the formation of 
carbonyl and hydroxyl absorptions in the infrared 
spectra, which they found, is a result of the break- 
down of hydroperoxides. Work in this laboratory 


occur in the infrared spectra of butadiene-styrene | js reduced when the hydrogen atom is attached to a 
copolymer (75:25) as a result of exposure at 100° C | carbon atom adjacent to a double bond [9]. From 
in an air oven and to ultraviolet radiant energy at | oxidation studies on simple hydrocarbons, it appears 
60° C in air. that a hydroperoxide group is likely to be formed at . 
site (A) 

Staudinger and Steinhofer [10] showed that the 
unsaturated di- and tri- styrene fractions obtained 





Since polystyrene is a widely used plastic and 





styrene is also an integral part of butadiene-styrene 
elastomeric copolymers, it appears necessary to know | oy, high vacuum distillation of polystyrene were 
something of the mechanism of the oxidation of | oxidized by glacial acetic acid containing chromic 
polystyrene to assist in interpreting the degradation | trioxide with the formation of ketones of the follow- 
in service of this plastic and of the synthetic rubber- | ing type: 
like materials containing styrene. 












The following structure is generally accepted and 
thermodynamically likely as predominant in poly- J\ HS and H AH 
styrene: 







Figures in brackets indicate the literature references at the end of this paper 
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ek [11] suggested that the results of thermal 
idation of polvsty rene in the presence of oxygen 
ate that a hydroperoxide mechanism may bi 
onsible for the degradation. Although the in- 
d absorption spectrum of polystyrene is avail- 
n the literature [12, 13], infrared techniques have 
rently not been used to follow the degradation 
wolystyrene. 

the investigation described in this report poly- 


ne films were exposed in the presence of air to 
and to ultraviolet radiant energy and changes 
he chemical structure of the polymer as a result 
he treatments were detected by infrared spectro 
stometry Infrared analysis is suitable for this 
y since both the hydroxyl and carbonyl groups, 
h might be expected on oxidative degradation, 
strong absorptions in the infrared region and 
known to occur at approximately Su and 5.7 to 
respectively, [14, 15]. The hydroxyl and 
bonvl groups may be situated independently on 
polymer molecule or be adjacent to each other 
carboxyl groups 


2. Materials 


Ihe samples of poly styrene studied are deseribed 
ble 1. Samples A, B, C, D, E, El, and G1 are 
mercial resins that do not contain any compound 
ngredients. These samples were not subjected 

inv purification procedures but were used as 


ved 
PaAB.eE 1. Description of samples of polystyrene 
Samy Aj — 
j vue 
Percent 
4 5, OO 4s 
I wn wie 
‘ *), OOK wid 
1) uM " 
I 0), 00 ' 
} 0) 0) 
a un 
xX Tl 
} erage molecular weigt } ht i} 
k of William A. Crouse 
AVeen content was determined t the direct method of Walto MeCul 
i Smith (W. W. Walton, F. W. MeCulloch, and W. H. Smith, Deter 
f small amounts of oxyget we e compound 1. Research NB 
0. 44 HMA) RP DSSO T he am ple ver iried in a stream of purified heliur 
( r 16 br before being analyzed 
lecular weight and ox vee ntent were determined after purif 
en content before purification wa 
ber average molecular weight letert wd bw osmotic pressure (u 


1 work of Guy A. Hank 


The sample designated X was prepared by poly- 
merizing purified monomer without catalyst or sol- 
vents In a nitrogen atmosphere at 120° C for 48 hr. 
lt was subjected to the following purification prior 
to use: The sample was dissolved in benzene and 
precipitated with methanol, and the liquid was de- 
canted. This treatment was repeated. The twice- 


Since this paper was written Matheson and Bover reported at the Chicage 
! of the American Chemical Society in September 195), concerning work 
. infrared absorption to follow carbony] formation in polystyrene 


precipitated material was dissolved in benzene and 
the solution frozen. ‘The benzene was removed with 
a vacuum pump while the frozen mixture was slowly 
brought to 24°C. The light fluffy sample was kept 
under vacuum while being raised to 60° C and finally 
held there for 24 hr to remove essentially all the 
volatile materials. The sample was then stored in a 
dark glass bottle until used. This procedure was 
designed to remove impurities, low molecular weight 
polymer, and monomer. Other studies showed that 
the dried product contained less than 1 percent of 
benzene. Although the purified sample X was con 
sidered to be poly stvrene hydrocarbon, it is evident 
from the data shown in table 1 that some oxygen is 
incorporated in the polymer molecules in spite of the 
precautions taken to exclude it 

Samples C, El, and X were studied more exten 
sively than the others. Samples C and El are repre 
sentative of the two types into which the commercial 
samples can be classed according to their infrared 
absorption spectra. Sample C is representative of 
samples A, B,C, D, and Gi Samples Eo and El 


are similar 


3. Film Preparation 


Films of various thicknesses ranging from 0.0009 
to 0.010 in. were made for the tests The thinner 
films were made from 5- and 10-percent solutions of 
the sample in distilled toluene or benzene. The so 
lution was poured on a clean, level piece of plate 
glass and spread to an even thickness with a doctor 
blade \ dust shield was placed above the solution, 
and the film was allowed to form in ait When the 
film was dry, the plate was immersed in water and 
the film floated from it In most cases the film was 
then dried in a vacuum chamber for about 8 hr follow 
ed by exposure to the room atmosphere until used 

The thicker films were made from 15-percent or 
more concentrated solutions of the samples in dis 
tilled solvent The amount of solution necessary to 
form a film of the desired thickness was poured into a 
brass ring which was laid on a clean, level piece of 
plate glass. A dust shield was placed above the 
solution in the ring and the film allowed to form in 
air. Slower drying was necessary for uniform film 
formation when highly volatile methyl ethyl ketone 
was used and, therefore, the whole assembly was 
placed in a desiccator with two outlets open to the 


air. When the film was dry, the plate was immersed 
in water, the ring jarred loose from the plate, and the 
film floated from the plate. The film was then 


dried in a vacuum chamber for about 8 hr and stored 
in amr until used Nevertheless, some solvent re 
mained in the film resulting in carbonyl absorption in 
the infrared spectrum, and the use of methyl ethyl 
ketone as a solvent was abandoned Some toluene 
and benzene were retained by the films, but theu 
presence did not interfere with the observation of 
infrared absorptions caused by carbonyl or hydroxyl 
resulting from degradative treatment 

Thickness measurements of the films were made in 
some cases with a Mikrokator gage that has a scale 
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range of 0.0014 in. with graduations of 0.00002 in 
In other cases the films were measured with a Carson 
electronic micrometer or with an ordinary microm- 
eter 


4. Experimental Methods 


4.1. Measurement of Absorption in the 
Infrared Region 


The infrared absorption spectra of the films were 
measured between 2.0 and 16.0 uw with a Baird re- 
cording infrared spectrophotometer with a sodium 
chloride prism [16]. This instrument is a double- 
beam type operating on the optical null principle 
Using the atmosphere as a reference, the infrared 
absorption at each wavelength was recorded through 
a bolometer, amplifier, and mechanical drive system. 
A graph of percentage transmission of the film versus 
wavelength is obtained by this method. Changes in 
chemical structure of the polystyrene film on exposure 
to degradative treatment were observed by compar- 
ing the infrared absorption spectrum before treat- 
ment with the spectrum of the film after 
treatment, 

The use of the Baird spectrophotometer on this 
project was necessarily intermittent. Because of 
changes in the sensitivity of the instrument intro- 
duced between periods of use on this project, some of 
the spectra show differences in resolution and in- 
tensity of the bands. These spectra have not been 
superimposed for comparison, as have the others. No 
attempt is made in this report to compare or observe 
minor changes in the infrared absorption spectra, 
and changes in the absorption bands resulting from 
the various treatments are considered qualitative 
rather than quantitative. 


same 


4.2. Heat and Ultraviolet Exposure of Films 


The film holders, in which the films were exposed 
to the various treatments, were designed to fit the 
aperture of the Baird recording spectrophotometer 
These holders were made of chromium-plated brass 
and had a 2‘-in.-diameter aperture for the film. 

Polystyrene films inserted in these holders were 
exposed at 100° © in a laboratory forced-draft oven. 
Ultraviolet exposure in air was made by placing the 
films on a revolving table 6 in. from an S-1 sunlamp. 
The temperature of the air at the revolving table 
was about 60° C. This sunlamp equipment is 
described in Method No. 6021 of Federal Specifica- 
tion L-P-406a [17] 


4.3. Outdoor Exposure of the Films 
Several films inserted in metal holders were ex- 
posed outdoors in Washington, D. C., on racks at 
an angle of 45°, facing south. This exposure was 
started in early December 1949, and was continued 
5 months, through April 1950. 





It is recognized that the radiant energy from the S—1 sunlamp includes infrared 


und visible wavelengths as well as those of the ultraviolet. However, it is 
assumed that in the short periods of exposure used in these experiments the 
ultra-violet radiant energy is chiefly responsible for the observed effects 
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5. Results 


The infrared absorption spectra of polystyvren 
films, both untreated and after exposure to heat and 
to ultraviolet radiant energy in the presence of air 
are shown in figures 1 to 8, inclusive. The many 
individual absorption bands of polystyrene, as shown 
in the untreated films (figs. 1 to 4, inclusive), are not 
discussed in this report. Interpretation is attempted 
only in the bands in which changes ar 
observed as a result of degradative treatment. 


case of 


5.1. Untreated Films 


A comparison of the infrared absorption spectra 
of untreated films of samples A, B, C, D, E, E1 
and G1 was made as the initial phase of this work 
The absorption spectra showed that samples E and 
Kl could be differentiated from samples A, B, ¢ 
D, and G1 by a comparison of absorption at 5.75 
for films at least 0.0009 in. thick. Infrared absorp 
tion spectra of untreated films of samples C and E1 
are shown in figures 1 and 2, respectively, as repre 
sentative of the two classes. Comparison of thes: 
spectra shows that sample E1 has greater absorption 
at 5.75 yw, indicated by an arrow on the graph 
Absorption in this region generally results from the 
type of structures represented by 


where Y is R, H, OR, or OH 

The infrared absorption spectra of untreated films 
of sample X are shown in figures 3 and 4, the Baird 
spectrophotometer having been set at a low sensi- 
tivity. Figure 3 shows the spectrum of a film of 
sample X cast from a benzene solution. The absorp- 
tion at 5.75 pw is very slight. Figure 4 shows the 
spectrum of a sample X film cast from methyl ethyl 
ketone solution. The stronger absorption at 5.85 4 
is attributed to the presence of some residual methyl 
ethyl ketone in the film. 


5.2. Films Exposed to 100° C in an Air Oven 


Films of polystyrene samples C, E1, and X were 
exposed for various periods in a laboratory forced- 
draft air oven at 100° C. No extensive changes in 
the infrared absorption spectra of the films were 
observed as a result of this treatment, that is, no 
new bands were created or old bands removed 
Figure 5 shows the infrared absorption spectra of a 
film of sample X after 200 hr at 100° C in air super- 
imposed on the absorption spectra of the same film 
after 50 hr at 100° C in air. Only insignificant 
changes in the absorption spectra are shown as a 
result of this exposure. No chemical changes have 
occurred that are detectable by infrared spectro- 
photometry. This is also representative of the re- 
sults obtained with films of samples C and El 
exposed for 270 hr. These results differ from those 
suggested by Jellinek [11] for pyrolytic conditions. 
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60° C in Air 


of the absorption spectrum 
sample X after 50 hr of exposure ultraviolet 
radiant energy at 60° C in air with the absorption 
spectrum after 200 hr at these conditions is shown 
in figure 6. Definite in absorption at 
approximately 2.9 and 5.8 w after 200 hr of treat- 
ment indicate the formation of hydroxyl and carbonyl 
groups, respectively 


A comparison 


to 


increases 


The absorption spectrum of an untreated film of 
sample C is compared in figure 7 with the absorption 
spectrum of the same film after 200 hr of exposure to 
ultraviolet radiant energy at 60° C in air. The 
formation of hydroxyl and carbonyl groups is indi- 
cated by the definite increases in absorption at 2.9 
and 5.8 yp, respectively The elimination of the 
absorption at 13.7 uw is attributed to loss of residual 
toluene solvent. A rather general in the 
background absorption results from the treatment 

Comparison of figures 7 and 8 shows that poly- 
styrene sample El exhibits similar changes in in- 
frared absorption when exposed to ultraviolet radiant 
energy in air 


increase 


5.4. Films Exposed to Outdoor Weathering 


In order to determine W“ hether outdoor weathering 
would produce hydroxyl and carbonyl groups in 
polystyrene, films of samples A, El, and X were 
exposed outdoors for 5 months in Washington, D. C 
Measurements made every month show that oxida- 
tion occurs progressively in all three samples and 
produces hydroxyl and carbonyl groups. The change 
in absorption attributed to the formation of hydroxy! 
groups is relatively weak. The superimposed initial 
and 4-month transmission curves for samples X and 
El are presented in figures 9 and 10, respectively. 


6. Discussion of Results 


The infrared absorption spectra show that hydrox- 
yl and carbonyl groups are formed in the polystyrene 
polymer on exposure to ultraviolet radiant energy 
from both natural and experimental sources. The 
oxidation resulting in these products probably 
occurred through the formation of a hydroperoxide 
on the tertiary carbon in the polystyrene chain. 
This mechanism can be postulated as follows: 


H 
O 
eS 2s 8-s H oO H H 
( { { ( —( { { ( 
H H an H 
f 


The hydroxyl and carbonyl groups could result from 
subsequent breakdown of this hydroperoxide under 
ultraviolet radiant energy. 





5.3 Films Exposed to Ultraviolet Radiant Energy at 


of 
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George and Walsh [18] have studied the decom- 
position of tertiary alkyl peroxides. Milas and 
Surgenor [19] have shown that the following scheme 
can be applied to the thermal decomposition of 
tertiary butyl hydroperoxide 


05 to 100° ¢ 


CH),;C OOH , CHysCOH Oo 
250° ¢ 
CH),COOH + (CHy)y»CO- ou 
CHy»),CO + (CHy)ot 0 CH 
CH OH > CHOH 


The decomposition of the tertiary hydroperoxides In 
polystyrene may lead to carbonyl and hydroxyl 
groups by a similar mechanism 


H 

a) Hl 
H 0 H H H 0 H H 
{ { { { { { { { ‘) 
H H H H 


H oO H H 
( ( Ho { 
} 
2 H H 


This mechanism would also presumably be of a free 
radical nature 

Although no evidence of oxidation was observed 
in the infrared spectra after heating the polystyrene 
films for 270 hr at 100° C in air, this does not neces- 
sarily infer that longer exposure or higher tempera- 
ture would not produce oxidation resulting in 
hydroxyl and carbonyl groups. The infrared pat- 
tern after 100 hr at 125° C in an air oven showed no 
extensive changes from the initial pattern, although 
the films were starting to sag and flow. Continued 
exposure resulted in destruction of the films due to 
flow and development of holes. Films exposed to 
150° C in an air oven (after previous exposure to 100 
C for 270 hr) developed holes and flowed after 1 
hour’s treatment. The necessary energy to cause 
oxidation is supplied, however, on exposure 
ultraviolet radiant energy at a temperature as low 
as 60° C. The carbonyl group absorption is defi- 
nitely present after 70 hr of exposure and the hy- 
droxyl absorption after 100 hr. This is compatible 
with the hypotheses of Jellinek and others [10 and 
11] that hydroperoxide formation may be responsible 
for the degradation of polystyrene. 


to 


Assuming random scission, the formation of car- 
bonyl groups would decrease the molecular weight 
of the polymer since the formation of each carbonyl 
would cause a break in the chain molecule. An in- 

| crease in solubility would be expected as a result 

| Ultraviolet-treated samples of C and El in table 2 
show that oxidation resulting in the formation of 

| hydroxyl and carbonyl groups is accompanied by an 
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apparent decrease in solubility. The formation of 
carbonyl groups may, therefore, not be concomitant 
with chain scission; or a competitive cross-linking 
may be overshadowing chain 
possible that the groups in question are formed by 
reaction at chain ends or by oxidation of the benzene 
ring The latter type of oxidation can be postulated 
as follows 


scission. It is also 


H I 
{ { 
H « 
H HO He CH 
He CH 
{ 
) 
H i H H H TT 
} OoH | 
{ { . { ( - . { { ( { 
H 
H He « H H 
He CH Hi CH He CH +H Hé CH 
He CH Hi CH Hi CH —OH Hé CH 
{ { { { 
H H H OOH H OH 
The (1) structure, which is basically a quinone, 


contains the requirements such as conjugated double 
bonds and carbonyl conjugate with a double bond 
to explain the discoloration of the polymer observed 
on exposure to ultraviolet radiant energy. On the 
other hand, a sufficient number of quinoid carbonyl 
groups to account for the absorption at 5.8 w in 
figures 6, 7, and 8 after treatment should also be 
accompanied by noticeable absorptions character- 
istic of the quinoid structure. 
ticeable differences at 6.2 yw is not very good negative 
evidence, since the absorption may be obscured by 
that of the unchanged benzene structure 


The absence of no- 


If it is assumed that some benzene rings may exist 
as part of the linear polymer chain, the 
structure is suggested for the polymer: 


following 
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The hydrogen of a tertiary carbon atom 
available for the hydroperoxidation as are doubli 
bonds in a ring that may be oxidized singularly 
without subsequent the linear chain 
However, the likelihood of such a structure forming 
in the polymer is very slight, and consequently the 
amount would be too small to account for the results 
obtained in this study; but it might be considered as 
a contributing influence. Oxidation at the doubl 
bond also seems probable in the structures (1) and 
(11). 

Table 1 shows that the polystyrenes used in this 
study contain oxygen. This oxygen was probably) 
introduced in the polymerization stage. One 
sible structure likely to be formed when the doubl 
bond of the monomer is opened in the presence of 
oxygen is as follows: 


scission olf 


pos 


H H H H 
( ( O--0—< ( 
H H 


With oxygen in this form in the polymer, the pro- 
duction of carbonyl and hydroxyl groups on exposure 
to ultraviolet radiant energy can be postulated as 
follows: 
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is process also causes a decrease ne molecular 
eht and may result in products similar to those 
= | ilated for the breakdown of hydroperoxide on 
tertiary carbon atom 
Since sample X was polymerized from purified 
rene in a nitrogen atmosphere, the oxygen may 
been taken on after the polymerization stage 
this case, as well as for all the other samples, it 
vy be that the oxygen will react with an unsatu- 
ed group at the end of a molecule to give the 
owing structures, Which may react on exposure 
iltraviolet radiant energy as indicated 


H 0 0 0 


( iH ( Oo + H—( 
H H 
i HH H Hi gH O-O 
0 } 
( > ( ( ( i > 
H 
H H H H 
( ( ( oO O—( 
H 
I H H H H/OOH 
oO } 
( ( { . { ( ( ( H > 
H H H 
H 
i 0 0 o 
( ( Hi—¢ ( Oo 
H H 


or 
H HWeuiou4H iH iH 
r ( ‘ ( ( ‘ ( ‘ i 
i H 0 
i 
H ’ 
( ( Ht ( i 
H 


All these mechanisms show that the oxidation of a 
double bond chain end is likely to produce a carbonyl 
group on the end of the polymer molecule The 
diperoxide structure given above has been suggested 
by Bolland and Hughes for squalene [20]. Chain 
end oxidation could be expected to produce a rela- 
tively smaller number of carbonyl groups than 
hydroperoxide chain scission, and the latter would 
appear to conform better to the solubility effects for 
sample X in table 2 

In regard to the hydroxyl absorption in the in- 
frared spectra, the absorption band is found in the 
region of hydrogen-bonded hydroxyl rather than 
at the somewhat shorter wavelength attributed to 
free hydroxyl [14, 15] Intermolecular bridging 
between hydroxyls in adjacent chains seems prob 
able as shown below 


H H 

H OH H On 
H H 

H oO H Oo 

{ { { 

H H 


This suggests the possibility of crosslinking of chains 
by loss of water forming the ether linkage between 
chains. Also it is possible to postulate both peroxide 
and carbon to carbon crosslinking at the carbon 
bearing the tertiary hydrogen. Such crosslinking 
and intermolecular bridging would help to explain 
the increased brittleness and decreased solubility of 
the polystyrene on exposure to ultraviolet radiant 
energy. With sufficient fundamental background 
data it might be possible to identify some of the 
existing absorption bands in the spectrum of ultra- 
violet-treated films as due to ether or peroxide 
linkages 
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7. Summary and Conclusions eee available for this work is appre- 
. . T , dl "y 4 , yh ’ , d ¢*~ 
Polystyrene films oxidize when exposed to ultra- | .. The work hohe K. Plyler ~~ r¢ on 3 1 "* ; 
violet radiant energy in air. Absorptions charac- | “0? 0M another project, in which he found that th 


teristic of hydroxyl and carbonyl groups are found 
in the infrared spectra of the exposed films, 

Exposure of polystyrene films in an air oven at 
100° C for 270 hr does not result in hydroxyl or 
carbonyl! absorption in the infrared spectra. Oxida- 
tion resulting in the formation of these groups might 
occur on longer exposure or exposure at higher tem- 
perature; however, the films were destroyed by flow 
at prolonged exposure at 125° C. 

The degradation of polystyrene film by ultraviolet 
radiant energy in the presence of air probably occurs 
through the formation of a hydroperoxide and sub- 
sequent breakdown and rearrangement to 


hydroxyl and carbonyl products in the polymer. 
These carbonyl groups are most likely in the form 


commercial grades of polystyrene are of two types 
as shown by differences in absorption at 5.75 u, 
was used as a basis for selecting samples C and EI 


for this work; his help and encouragement are 
| appreciated. 
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